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Brain injury (BI) due to mechanical trauma represents one of
the major causes of mortality and disability in the world. The
pathophysiology of BI is composed of two different pathoge-
netic moments: primary damage due directly to trauma, with
mechanical forces applied to the head, and subsequent
biochemical events due to a complex cell response that leads
to the death of neuronal cells and classified as secondary
damage. Accumulating evidence suggests that the extent of
brain injury and the clinical outcome after BI are modulated,
to some degree, by genetic variants. In the literature, the
existence of a rather precise chronology of expression of the
different markers of hypoxic-ischemic brain damage has
been shown, which is correlated to the duration of the same
insult and is to be ascribed, essentially, to a different stimula-
tion of the different cellular types and also to a different
response by the same cells to the ischemic insult.

In brain injury cases, there is a cross-talking network of
cellular processes that involves the combination of the two
major cell deaths: necrosis and apoptosis. Apoptosis plays
an important role in brain development, as immature cells
tend to apoptosis even in physiological conditions. In the face
of a hypoxic-ischemic injury, apoptosis and necrosis overlap
so much so that today it is normal to consider it a continuum
of apoptosis-necrosis in a certain injured brain area.

As noted by J. I. Romero et al., it is apparent from the
literature that various neuroprotective agents, described as
effective from previous studies, have been used to improve
the damage caused by hypoxia/ischemia in the central

nervous system (CNS); however, none of them have been
shown to be effective against damage induced by hypoxia/
ischemia in the CNS. Their experimental paper aims to
demonstrate the neuroprotective effects of Grx2 and Trx1
expressed exogenously, recombinantly in an animal model
of neonatal hypoxia/ischemia, which was designed to look
for potential new therapeutic strategies. By performing an
elegant experimental procedure, the authors used a common
carotid artery binding model in the P7 Sprague-Dawley P7
male rats subjected to a 100% nitrogen environment to
induce anoxia. Grx2 and Trx1 were administered to examine
the role of Grx2 and Trx1 recombinant as therapeutics after
perinatal asphyxiation. The results are encouraging because
the authors suggest that Grx2 administration first and Trx1
administration, in a small way, have the potential to signifi-
cantly mitigate the neuronal damage caused by PA, including
cell damage response, glutamate excitotoxicity, axonal integ-
rity, and astrogliosis.

The therapeutic potential of another substance, SCM-198,
was used to protect against ischemia-reperfusion injury and
possible underlying mechanisms as studied by Q.-Y. Zhang
et al. experimentally in rats by inhibition of transient cerebral
artery in vivo (tMCAO).

The authors have shown that SCM-198 significantly
decreased the volume of infarction and improved the neuro-
logic deficit in the tMCAO model. In addition, SCM-198
could also reduce cellular lesion caused by OGD/R in vitro.
Further studies on the mechanism have shown that HDAC4
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could inhibit the expression of NOX4 and MMP9 and thus
improve TJ levels and protect against blood-brain barrier
(BBB) breakdown. This study therefore revealed that
HDAC4 was involved in regulating BBB’s integrity and that
SCM-198 had protective effects against BBB destruction by
improving HDAC4 expression. In the genesis of delayed
permanent damage to the central nervous system, a primary
role is due to oxidative stress. Among the major sources of
reactive oxygen species (ROS) in the brain, one should
remember that NADPH oxidases (Nox) and ubiquitary
membrane multisubunit enzymes are involved in many
neurological degenerative diseases. NOX isoforms have been
examined as fundamental in the context of TBI-induced
NLRP3 inflammasome pathway activation. Recent literature
evidence shows that Nox-2 is upregulated after TBI; this
objective finding therefore assumes a critical role both at
the initial stage and in the subsequent development of
this pathology.

M. W. Ma et al. organized an experiment with Nox-2 KO
mouse: mice were anesthetized with isoflurane and subjected
to an injury or controlled cortical impact. The study has
shown that oxidative stress derived from NOX2 induces
TXNIP interaction with NLRP3 to induce inflammation of
NLRP3, which enhances inflammation in the wounded
cortex after TBI. From this study, it is concluded that inflam-
mation of NLRP3 may be useful as an effective treatment for
TBI. NLRP3 may also be useful in other acute and chronic
cerebral lesions involving inflammation of NLRP3.

A model of lesion of the spinal cord reperfusion (SCIR)
was created by L. Xie et al. to evaluate the role of autophagy
and its potential signaling path in SCIR and protective effect
and internal mechanism of NAD+ involved in SCIR and to
explore the underlying relationship between autophagy and
NAD+. In conclusion, this study suggests excessive and sus-
tained autophagic activation in SCIR. NAD+ administration
can reduce the damage caused by I/R and inhibit neuronal
cell apoptosis.

Another fundamental field of research is the neuropatho-
logical characteristics of blast polytrauma, a general aspect to
better understand the body’s response and reflexes on cere-
bral pathophysiology. In this regard, an interesting line of
research has been put in place to document the effects of blast
polytrauma with an animal model that also investigates the
behavioral response, hypoxic effects, and the consequences
of hypoxia itself on brain cellularity. In W. B. Hubbard
et al.’s study, by studying reactive astrocytic response (GFAP),
apoptosis, cleaved caspase-3 expression, and microglial acti-
vation, both in traumatic brain injury and in mild brain
injury, and by comparing with the control group, we can
explain the organism responses. In addition, by analyzing
the integrity of the BBB and hypoxic and angiogenesis expres-
sions, a comprehensive view is obtained to identify concrete
and useful polytraumatic-specific injury markers that may
be of practical and immediate utility in clinical routine.

The practical development of this experimental model is
to examine the role of oxidative stress in a pathophysiological
system governed by hypoxia.

Oxidative stress and aberrant deimination are part of the
pathology that accompany brain damage. Blast traumatic

brain injury causes protein deimination, and this is a revers-
ible process. Basically, by activating calcium-dependent
enzymes, aberrant protein deimination is caused causally by
traumatic brain injury, in which the pathological response
of the adaptive immune system is still largely the case.

In summary, the effects of brain injury due to mechanical
trauma represent one of the major causes of mortality and
disability in the world. A review of studies from the literature
indicates that cell responses and pathological consequences
seem to be more or less the same in most animal models,
but the models diverge widely when it comes to their ability
to produce the changes induced by combined effects due
to trauma and/or hypoxia/ischemia in the CNS. The epi-
demiological importance of the underlying disease makes
a thorough knowledge of its direct and indirect traumatic
effects fundamental from the research, pathological, and
emergency therapy points of view. This special issue wants
to contribute for a better understanding on brain injury
due to mechanical trauma-related pathophysiology, cellular
responses, behavioral response, hypoxic effects, and the
consequences of hypoxia itself on brain cellularity.

Margherita Neri
Andreas Büttner
Vittorio Fineschi
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Traumatic brain injury (TBI) is a leading cause of death and disability worldwide. After the initial primary mechanical injury, a
complex secondary injury cascade involving oxidative stress and neuroinflammation follows, which may exacerbate the injury
and complicate the healing process. NADPH oxidase 2 (NOX2) is a major contributor to oxidative stress in TBI pathology, and
inhibition of NOX2 is neuroprotective. The NLRP3 inflammasome can become activated in response to oxidative stress, but
little is known about the role of NOX2 in regulating NLRP3 inflammasome activation following TBI. In this study, we utilized
NOX2 knockout mice to study the role of NOX2 in mediating NLRP3 inflammasome expression and activation following a
controlled cortical impact. Expression of NLRP3 inflammasome components NLRP3 and apoptosis-associated speck-like
protein containing a CARD (ASC), as well as its downstream products cleaved caspase-1 and interleukin-1β (IL-1β), was
robustly increased in the injured cerebral cortex following TBI. Deletion of NOX2 attenuated the expression, assembly, and
activity of the NLRP3 inflammasome via a mechanism that was associated with TXNIP, a sensor of oxidative stress. The results
support the notion that NOX2-dependent inflammasome activation contributes to TBI pathology.

1. Introduction

Traumatic brain injury (TBI) is a major cause of disability in
young adults and contributes to over 30% of injury-related
deaths [1]. In addition to the serious financial burden on
the families and society, TBI can lead to grave long-term
impairments for the survivors [2, 3]. TBI is a highly complex
disorder that involves a primary injury resulting in neuronal
death and a secondary injury cascade involving, but not lim-
ited to, edema, excitotoxicity, mitochondrial dysfunction,
oxidative stress, and inflammation [4–7]. This secondary
injury can extend past the initially damaged tissue and lead
to further neurological deterioration for months after the pri-
mary injury [8]. Due to the heterogeneity of TBI patients and
the complex nature of secondary injury cascades following
TBI, translation of neuroprotective strategies or pharmaco-
logical treatments to the clinic has proven to be a challenge.

Oxidative stress is one of the major mediators of the
secondary injury followingTBI.Many sourcesmay contribute

toward the cellular production of reactive oxygen species
(ROS); however, NADPH oxidases (NOX) are the only family
of enzymes solely devoted to the production of ROS whereas
other enzymes, such as xanthine oxidase, lipooxygenase,
cyclooxygenase, nitric oxide synthase, and cyp450, generate
ROS as a byproduct [9]. NOXhas essential physiological func-
tions for many cellular signaling pathways and immune
defense [10]. However, sustained activation, such as that
involved in chronically activated microglia after TBI, is detri-
mental to recovery and exacerbates the primary injury [11].
Several NOX isoforms have been studied in the context
of TBI pathology both in humans and in rodents [12].
Postmortem analysis demonstrated a correlation between
elevated NOX2 and NOX4 expression and clinical TBI sever-
ity [13, 14], and circulating neutrophils of TBI patients show
increased NOX2 expression [15]. In rodents, our laboratory
showed acutely increased NOX2 expression in the cortex
and CA1 hippocampus in the days following TBI [16]. Other
studies reported chronically elevated NOX2 expression
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following TBI [11, 17], and a recent study also showed ele-
vated NOX4 expression after TBI [14]. Inhibition of NOX2
has been shown to be neuroprotective by reducing lesion
severity, apoptosis, oxidative damage, and inflammation
[12, 16, 18].

Neuroinflammation is associated with the progression of
neurodegenerative disorders and contributes to the second-
ary injury after TBI [19–22]. Inflammasomes, such as
NOD-like receptors (NLRP) and absent in melanoma 2-
(AIM 2-) like receptors, are innate immune system sensors
of damage-associated molecular patterns (DAMPs) and
pathogen-associated molecular patterns (PAMPs) that
regulate the activation of caspase-1 and promote secretion
of proinflammatory cytokines, such as IL-1β and IL-18
[23–25]. NLRP3 is the most abundant and most studied
inflammasome in brain injury [26–28]. Upon sensing stim-
uli, NLRP3 nucleotide-binding domain (NBD) oligomerizes
the pyrin domain (PYD), which serves to nucleate
apoptosis-associated speck-like protein containing a CARD
(ASC) proteins through PYD-PYD interactions. Long ASC
filaments then form and caspase activation recruitment
domain (CARD) interactions recruit pro-caspase-1 to this
multimeric protein complex. The proximity of pro-caspase-
1 to one another induces an autoproteolytic cleavage that
activates caspase-1, leading to further release of proinflam-
matory cytokines [24]. Although not extensively studied,
there is growing evidence that inflammasomes play a role
in TBI pathology. In support of this contention, high NLRP1,
ASC, AIM 2, and caspase-1 expression was detected in the
CSF of TBI patients [29–31] and correlated with severity of
TBI [30]. Recent studies have reported elevated NLRP3
inflammasome expression in rat [32] and in human brains
after TBI [33]. Furthermore, ATP and other ROS-induced
DAMPs that are released after TBI [34] can activate the
NLRP3 inflammasome, suggesting a potential therapeutic
role for NLRP3 after TBI.

Mitochondrial ROS reportedly can activate NLRP3
inflammasomes [35]. In particular, NOX isoforms may serve
as a source of ROS for inflammasome activation, as p22phox
knockdown, apocynin, and DPI all independently dimin-
ished IL-1β secretion [36]. ROS induction of NLRP3 activa-
tion would suggest potential involvement of redox-sensing
proteins in the mechanism of ROS regulation of the inflam-
masome. In support of this possibility, thioredoxin-
interacting protein (TXNIP) can directly activate NLRP3
inflammasome via dissociation of TXNIP from thioredoxin
and subsequent binding to NLRP3 [37]. However, this has
not yet been examined in the context of TBI.

The above studies suggest that NOX2 can potentially
regulate NLRP3 inflammasome activation; however, several
important questions remain unanswered. What is the tempo-
ral expression of the NLRP3 inflammasome in the mouse
brain after TBI? Does NOX2 regulate NLRP3 inflammasome
expression and complex formation, as well as downstream
proinflammatory cytokines? If so, what is the mechanism
mediating NOX2-derived ROS crosstalk with NLRP3
inflammasome-mediated neuroinflammation? To address
these key questions, we used a NOX2 knockout (KO) mouse
model to examine whether NOX2 is an essential regulator of

NLRP3 inflammasome activation in TBI. The results of the
study reveal that NLRP3 expression, complex formation,
and activation are robustly increased in the injured mouse
cerebral cortex after TBI—an effect paralleled by increased
cleavage of caspase-1 with associated IL-1β activation. Fur-
thermore, NOX2 appears critical for TBI-induced NLRP3
inflammasome pathway activation, as NOX2 deletion
strongly attenuates the expression, complex formation, and
activation of NLRP3, as well as cleavage of caspase-1 and
IL-1β activation after TBI. Finally, the results also provide
evidence that TXNIP may be a key factor mediating the
crosstalk between oxidative stress and neuroinflammation.

2. Materials and Methods

2.1. Animals. Adult 3-month-old C5BL/6N male mice were
obtained from Envigo (Prattville, AL) for use in this study.
NOX2 KO (B6.129S-Cybbtm1Din/J; Stock number 002365)
and WT (000664) mice of equivalent age and weight were
obtained from Jackson Labs (Bar Harbor, ME). Mice were
housed under humidity- and temperature-controlled condi-
tions with free access to food and water. All animal experi-
ments were approved by the Charlie Norwood VA Medical
Center Institutional Animal Care and Use Committee.

2.2. Controlled Cortical Impact. Mice were anesthetized with
isoflurane (2–4%) and subjected to a sham injury or
controlled cortical impact as detailed previously by our labo-
ratory [16, 38, 39]. Mice were placed in a stereotaxic frame
(Leica Impact One™ Stereotaxic Impactor for CCI, Buffalo
Grove, IL, USA), and a 3.5mm craniotomy was made in
the right parietal bone midway between the lambda and the
bregma with the medial edge 1mm lateral from the midline.
The dura was left intact. TBI mice, but not shams, were
impacted at 4.5m/s impactor with 20ms dwell time and
1mm depression using a 3mm diameter convex tip to pro-
duce a moderate TBI. Bone wax was used to cover the cranial
window, and the scalp incision was closed with surgical sta-
ples. Mice were allowed to recover before being placed back
in to their housing environment. Throughout the procedure,
body temperature was monitored and maintained at 37°C
using a small thermometer (Kopf Instruments, Tujunga,
CA, USA). In experiments that utilized the NADPH oxidase
inhibitor, apocynin (Sigma-Aldrich, 5mg/kg) or saline was
administered by intraperitoneal (IP) injections beginning at
23 hours after TBI and administered every 24 hours until
the time of sacrifice. Sham-operated mice received identical
treatment except for the cortical impact. Control animals
did not undergo any procedures. Fewer mice were utilized
for the sham and control groups due to their low variability
within each group. WT TBI, KO TBI, and APO TBI groups
indicate wild-type, NOX2 knockout, or apocynin-treated
mice sacrificed at time points indicated in the text.

2.3. Tissue Collection. All animals were transcardially per-
fused with ice-cold saline and decapitated at the desired time
point after TBI. For RT-PCR and Western blot analysis, the
brains were dissected and processed, as described in subse-
quent sections. For coronal sections, mice were transcardially
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perfused with saline and then 4% paraformaldehyde before
decapitation. The perfused brains were removed, fixed in
4% paraformaldehyde for 24 hours, then cryoprotected in
30% sucrose, and sectioned on a cryostat to obtain 20μM
coronal sections for further staining, immunohistochemistry,
or proximity ligation assay. Figure 1 outlines the perilesional
area from where all confocal images were taken.

2.4. BV2 Cell Experiments. BV2, immortalized murine
microglia, cells were cultured in RPMI 1640 media supple-
mented with 10% heat-inactivated FBS at 37°C in a
humidified incubator with a 5% CO2 atmosphere. Samples
for inflammasome-positive control were collected after
cells were treated with 500ng/mL LPS (Sigma-Aldrich,
L4130) for 3 hours. 20μg protein was applied to each lane
for Western blot analysis.

2.5. Quantification of Lesion Volume and NeuN. To quantify
cortical tissue loss following CCI, coronal sections taken
from the middle of the brain lesion showing the largest dam-
age were stained with cresyl violet and imaged using a digital
camera integrated with a light microscope. Using a similar
method as previously described [40, 41], we took coronal
sections from the center of the lesion for each mouse and
assessed the area of the ipsilateral and contralateral cortices
using NIH ImageJ software. The cortical lesion size was
expressed as a percentage, calculated as follows: (Ac−Ai)/
(Ac)× 100, where Ac is the contralateral cortical area and
Ai is the ipsilateral cortical area. This method allows the
quantification of lesion size as a percentage of the contralat-
eral (uninjured) cortex of the same coronal section for each
mouse. NeuN+ cells were counted using a method similar
to that previously reported [42]. %NeuN+ cells were calcu-
lated as (number of NeuN+ cells)/(number of DAPI+ cells)
in a consistent and set area using 40x confocal images as
described below. The percentages of %NeuN+ cells were
reported relative to that of sham mice. Sections from 4
mice (4 sections per mouse) per experimental group were
examined for the lesion analysis and for quantification of
neuronal survival.

2.6. RT-PCR. Injured cortical tissue from the perilesional area
(or an anatomically matched cortical area on sham/control
mice) averaging 50–60mg per mouse was collected at various
time points after TBI. RNA was isolated using the SV total
RNA isolation system (Promega). Superscript III one-step
RT-PCR system with platinum Taq DNA Polymerase (Invi-
trogen) was used for reverse transcriptase-PCR. Primers are
as listed in Table 1 (Integrated DNA Technologies). Gene
expression analyses were done using the comparative ΔΔCt
method, and mRNA changes were expressed as fold change
as compared to control animals. 18S was used as the house-
keeping gene for normalization. Group average ΔCt values
for NLRP3, ASC, caspase-1, and IL-1β are shown in Table 2.

2.7. Western Blot Analysis. 50–60mg of injured cortical tissue
from the perilesional area (or a similar cortical area on sham/
control mice) was collected at various time points after TBI as
previously described by our laboratory [16, 43]. The tissue
was immediately frozen in dry ice or kept on ice for

immediate homogenization using a tissue tear or with ice-
cold RIPA buffer. The homogenate was centrifuged at
12,000RPM for 20 minutes at 4°C, and the supernatant was
aliquoted for further analysis. Protein concentrations were
determined by the BCA Protein Assay (Thermo Fisher Scien-
tific, Carlsbad, CA). 40μg samples of protein was separated
on a 4–20% SDS-PAGE gel and transferred onto 0.2μM
nitrocellulose membranes. Blots were blocked with 5%
bovine serum albumin for 1 hour at room temperature with
gentle shaking. After blocking, the blots were incubated over-
night in 4°C with the following antibodies: NLRP3 (1 : 1000,
Adipogen, AG-20B-0014), ASC (1 : 200, Santa Cruz, sc-
22,514-R), cleaved caspase-1 p20 (1 : 1000, Adipogen, AG-
20B-0042), and IL-1β (1 : 1000, Abcam, ab9722). β-actin
(1 : 4000, Sigma-Aldrich,A5441)wasused asa loadingcontrol.
Themembranewas thenwashedwith 1x TBST and then incu-
bated with the secondary antibodies. Bound proteins were
visualized using theOdyssey Imaging System (LI-CORBiosci-
ence, Lincoln, NB) and analyzed with NIH ImageJ analysis
software. The immunoblot densities were corrected based on
corresponding β-actin-loading controls.

2.8. Confocal Microscopy and Image Analysis. Three to four
coronal sections from each mouse were washed with PBS
and permeabilized with 0.4% Triton-X PBS for 20 minutes.
The sections were then blocked with 10% normal donkey
serum for 1 hour at room temperature in a buffer containing
0.1% Triton. Sections were incubated for 2 nights with the
primary antibody at 4°C in the same buffer using the fol-
lowing antibodies: NeuN (1 : 200, Millipore MAB377), ASC
(1 : 50, Santa Cruz, sc-22,514-R), NLRP3 (1 : 50, Santa
Cruz, sc-66,846), cleaved caspase-1 p20 (1 : 50, Santa Cruz,
sc-22,165), cleaved IL-1β (1 : 50, Santa Cruz, sc-23,459),
and TXNIP (1 : 50, Santa Cruz, sc-33,099). After the primary
antibody incubation, the sections were washed in PBS and
incubated with the appropriate secondary antibodies (1 : 500,
Alexa Fluor 488/568) for 1hour at room temperature. Sections
were then mounted with water-based DAPI-mounting
mediumcontainingantifading agents andobservedusing con-
focalmicroscopy.All imageswere captured on a confocal laser

Figure 1: Demarcated perilesional area. Representative DAPI-
stained confocal image of whole-brain slice showing perilesional
area used for WB, IHC, and PCR analyses. Whole-brain image
was created by stitching together 20 images taken at 4x of WT
mouse at 4 d post-TBI. White-dotted outline demarcates
perilesional area from where all confocal images have been taken.
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microscope (Carl Zeiss, Germany) using Zen software at
40x magnification. The intensity above threshold of the
fluorescent signal of the bound antibodies was analyzed
using NIH ImageJ software. Data were expressed as fold
change from sham.

2.9. Proximity Ligation (Duolink) Assay. The proximity
ligation (Duolink) assay was performed, as described by our
laboratory [44]. Briefly, coronal brain sections were blocked
in 5% (vol/vol) donkey serum for 1 hour at room tempera-
ture and incubated overnight with the following pairs of pri-
mary antibodies: goat-NLRP3 (Santa Cruz, sc-34,408) and
rabbit-ASC (Santa Cruz, sc-22,514-R); or rabbit-NLRP3
(Santa Cruz, sc-66,846) and goat-TXNIP (Santa Cruz, sc-
33,099) at 4°C. These sections were then incubated for 1 hour
at 37°C with the following Duolink PLA probes: anti-Rabbit
MINUS (Sigma-Aldrich, DUO92005) and anti-goat PLUS
(Sigma-Aldrich, DUO92003). Duolink in situ detection
reagent kit (Sigma-Aldrich, DUO92008) was used for liga-
tion and amplification at 37°C using the according to the
manufacturer’s protocol. All sections were then mounted
on a slide using DAPI-mounting media, and all images were
captured on a confocal laser microscope (Carl Zeiss,
Germany) using the Zen software at 40x magnification. Fluo-
rescence of PLA indicating interacting proteins was analyzed
as intensity above threshold using NIH ImageJ software and
represented as fold change from shams.

2.10. Statistical Analysis. An independent two-sample t-test
was conducted to investigate the difference between lesion
volume of WT versus KO TBI mice. The one-way
ANOVA test was conducted to analyze the differences
within control, sham, and the different time points follow-
ing TBI. The one-way ANOVA test was also used to
investigate whether there is a significant difference among
control, sham, WT, KO, and APO (apocynin) mice for all
proteins in the study. Whenever an ANOVA test was
found to be significant, the post hoc Tukey’s test was con-
ducted to make pairwise comparisons between the groups

of animals. Statistical significance was accepted at the 95%
confidence level (P< 0.05) using GraphPad Prism. Data
was expressed as mean± standard error (SEM).

3. Results

3.1. Mice Deficient in NOX2 Have Reduced Lesion Size and
Neuronal Cell Death after TBI. Figure 2(a) shows representa-
tive cresyl violet staining of brain sections from sham, WT,
and NOX2 KO mice to examine lesion size. As shown in
Figure 2(a), sham-injured mice show no gross lesion or
noticeable damage to the cerebral cortex. In contrast,
WT animals undergoing CCI exhibit a moderately sized
lesion, which is significantly reduced in NOX2 KO mice.
To further quantitate the findings, lesion volume was
calculated at the center of the lesion on the largest injured
area (outlined in black) and compared to anatomically
matched cortical sections. As shown in Figure 2(a), NOX2
KO mice have a significant reduction in lesion size, as
compared to WT mice. Closer examination of the injured
cortex under confocal microscopy revealed that TBI
decreases the number of NeuN+ neurons in the injured
cortex in WT, whereas mice deficient in NOX2 retain
similar neuronal densities as sham mice (Figure 2(b)).
These findings indicate that the deletion of NOX2 offers
robust neuroprotection after TBI.

3.2. TBI Induces NLRP3 Inflammasome Expression in the
Cortex. We next hypothesized that NOX2 may play a role
in NLRP3 inflammasome activation after TBI. To test this
hypothesis, we first performed a time course examining
expression of NLRP3 inflammasome pathway factors in the
cerebral cortex after TBI. As shown in Figure 3(a), RT-PCR
analysis revealed that NLRP3 mRNA levels in the cortex
increased 2.6-fold at 4 days and 3-fold at 7 days after TBI
in WT mice (relative to uninjured sham mice). Similarly,
ASC mRNA expression was significantly increased at 2–7
days after TBI, showing a 6-fold increase at peak elevation
compared to sham. Expression of pro-caspase-1, a substrate
of the NLRP3 inflammasome, also was significantly elevated
at 4 days after TBI showing a 2.5-fold increase. In line with
the RT-PCR results, Western blot analysis revealed that
NLRP3 and ASC protein levels were elevated in the cortex
at 4, 7, and 14 days after TBI (Figure 3(b)). Furthermore,
p20, the cleaved product of caspase-1, showed a time-
dependent increase in cleaved caspase-1 expression within
the cerebral cortex following TBI.

Table 1: List of RNA primers used for RT-PCR.

Gene Forward Reverse

18S 5′GTAACCCGTTGAACCCCATT 3′ 5′CCATCCAATCGGTAGTAGCG 3′
NLRP3 5′GTTCTGAGCTCCAACCATTCT ′3 5′CACTGTGGGTCCTTCATCTTT 3′
ASC 5′CAGAGTACAGCCAGAACAGGACAC 3′ 5′GTGGTCTCTGCACGAACTGCCTG 3′
Caspase-1 5′GGGCAAAGAGGAAGCAATTTATC 3′ 5′GTGCCTTGTCCATAGCAGTAA 3′
IL-1β 5′AGAGCATCCAGCTTCAAATCTC 3′ 5′CAGTTGTCTAATGGGAACGTCA 3′

Table 2: Average ΔCt values from RT-PCR studies comparing WT
versus KO.

Ctrl Sham WT 4d TBI KO 4d TBI

NLRP3 18.982 18.836 17.645 18.739

ASC 17.186 16.774 14.953 15.652

Caspase-1 17.097 17.010 15.832 17.836

IL-1β 28.456 26.964 23.441 26.411
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Figure 2: Mice deficient in NOX2 have both reduced lesion size and reduced neuronal damage after TBI. (a) Representative cresyl violet
staining on day 4 after TBI from sham, WT TBI, and NOX2 KO TBI mice show neurons. Images have been converted to grayscale for
added clarity. Mice were sacrificed at 4 days after TBI, and the brains of sham, WT TBI, and NOX2 KO TBI were collected for sectioning
into 20 μM slices. Lesion size of TBI mice was calculated as a percent relative to a similarly affected area from the contralateral cortex of
the same section. Lesion areas used for quantification are outlined in black. NOX2 KO mice show reduced lesion volume on gross
examination throughout the injured cortex as quantified to the right. n = 4–6 mice/group. (∗∗p < 0 01 WT versus NOX2 KO) (b)
Representative confocal images showing NeuN (green) and DAPI (blue) fluorescent signal of the injured cortex in sham, WT, and NOX2
KO mice at the 4-day post-TBI. NeuN/DAPI double-positive cells were counted and analyzed as a percent of total DAPI+ cells, which is
shown below the representative panel. TBI reduces NeuN-positive cells in the injured cortex, which is attenuated with deletion of NOX2.
n= 4 mice/group. Scale bar represents 50 μM. (∗∗∗∗p < 0 0001 sham versus WT; ###p < 0 001 WT versus KO).
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3.3. NOX2 Deletion or Inhibition Leads to a Significantly
Reduced Induction of NLRP3 Inflammasome Pathway
Factor Expression in the Injured Cortex Following TBI. Since
ROS can stimulate NLRP3 inflammasome activation in vivo
and in vitro [45], and NOX2 is a major generator of superox-
ide; we therefore sought to determine the role of NOX2 in
induction of NLRP3 inflammasome pathway factor expres-
sion after TBI. Based on our current findings, the NLRP3
inflammasome appears to be strongly induced at the 4-day
post-TBI time point. We examined the effects of NOX2 dele-
tion on NLRP3 inflammasome components using NOX2 KO

mice. We saw no significant baseline differences betweenWT
and KO mice (Figure 4). NOX2 KO mice exhibited a
significant reduction in NLRP3 and ASC gene expression at
the day-4 post-TBI, as compared to WT mice (Figure 5(a)).
Furthermore, increased immunoreactivity of NLRP3 and
ASC within the perilesional cortex at the 4-day post-TBI in
WT mice was significantly attenuated in NOX2 KO mice
(Figure 5(b)). Examination of cortical sections at the 7-day
post-TBI time point showed similar attenuation of NLRP3
and ASC immunoreactivity with deletion of NOX2
(Figure 6). To further confirm these results, we subjected
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Figure 3: Time course gene and protein expression ofNLRP3 inflammasome components in themouse cerebral cortex after TBI. (a) Temporal
pattern of NLRP3, ASC, and caspase-1 gene expression after TBI inWTmice between 1- and 14-day post-TBI showing peak increased mRNA
expression between 4 and 7 days after TBI. n = 4, 7, 4, 7, 6, 13, and 4mice (ctrl, sham, 1d, 2d, 4d, 7d, and 14d, resp.). (b) RepresentativeWestern
blots showing temporal protein expression of NLRP3, ASC, and cleaved caspase-1 p20 after TBI in WT mice at 4, 7, and 14 days after TBI.
Quantification of all blots shown below the image indicating increased protein expression of NLRP3, ASC, and cleaved caspase-1 after TBI
(data normalized to β-actin and presented as fold change relative to ctrl mice). BV2 sample included as positive control. n = 4, 4, 6, 6, and 6
mice (ctrl, sham, 4d, 7d, and 14d, resp.). (∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001, and ∗∗∗∗p < 0 0001 sham versus TBI).
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cortical lysates from WT and NOX2 KO groups to Western
blot analysis. We also included an additional group in which
animals were treated with a NOX inhibitor, apocynin, so as to
further confirm our NOX2 KO findings. Representative
Western blots and densitometric analysis show that both
NOX2 deletion and inhibition of NOX2 by apocynin signifi-
cantly attenuated NLRP3 and ASC protein expression at 4
days after TBI, as compared to the WT group (Figure 5(c)).
Similar Western blot results were obtained at 7 days after
TBI where NOX2 KO mice showed attenuation of NLRP3
and ASC protein expression as compared to WT mice
(Figure 7).

3.4. Reduced NLRP3 Inflammasome Complex Formation in
the Injured Cortex of NOX2 KO Mice Following TBI. Assem-
bly of NLRP3 inflammasome components into a complex is

necessary for functional activation. We therefore used an in
situ Duolink coimmunoprecipitation assay to measure the
protein-protein interaction of NLRP3 and ASC in the injured
mouse cortex at 4 days after TBI. TBI increased NLRP3-ASC
complex formation, as visualized using confocal microscopy,
in the injured cerebral cortex at the 4-day post-TBI, as com-
pared to sham controls (Figure 8). Examination at 7 days
after TBI revealed similar reduction in the NLRP3 inflamma-
some complex formation with deletion of NOX2 (Figure 9).
Notably, deletion of NOX2 significantly suppressed the
TBI-induced NLRP3-ASC complex formation in the injured
cortex, indicating that NOX2 regulates both NLRP3 inflam-
masome expression and the complex formation after TBI.

3.5. NOX2 Regulates Caspase-1 Expression and Activity after
TBI. We next sought next to examine the gene expression
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Figure 4: WT and KOmice show no differences in expression of NLRP3 inflammasome components at baseline. (a) Representative confocal
images show baseline immunoreactivity of NLRP3, ASC, cleaved caspase-1 (p2), cleaved IL-1β, and NeuN in WT and KO sham mice. No
differences in the expression of inflammasome components were observed between WT and KO sham mice. Scale bar represents 50 μM.
(b) Quantitative RT-PCR results for ASC and IL-1β, genes that appeared slightly elevated due to sham surgery. No differences were
observed between WT and KO sham mice at the 4-day postinjury in the mRNA expression of ASC and IL-1β. n = 4, 3 mice (WT, sham,
and KO sham, resp.).
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Figure 5: Deficiency of NOX2 reduces gene and protein expression of NLRP3 and ASC in the mouse cerebral cortex after TBI. (a) Deletion of
NOX2 attenuates mRNA gene expression of NLRP3 and ASC at 4 days after TBI as compared to WTmice. n = 4, 6, 6, and 8mice (ctrl, sham,
WT, and KO, resp.). (b) Representative confocal images show that NLRP3 and ASC immunoreactivity is increased at the 4-day post-TBI in
the WT-injured cortex. Deletion of NOX2 attenuates the expression of NLRP3 and ASC in the injured cortex following TBI. All images
quantified below representative panel (data presented as fold change relative to sham mice). n = 4, 6, and 6 mice (sham, WT, and KO,
resp.). Scale bar represents 50μM. (c) Representative Western blot and quantification of all blots show the protein expression of NLRP3
and ASC in WT, NOX2 KO, and apocynin-treated mice at the 4-day post-TBI (data normalized to β-actin and presented as fold change
relative to WT ctrl mice). Both the deletion of NOX2 and inhibition of NOX attenuated NLRP3 and ASC protein levels. BV2 sample
included as positive control. n = 4, 4, 7, 7, and 4 mice (WT ctrl, KO ctrl, WT, KO, and APO, resp.). (∗p < 0 05, ∗∗p < 0 01, and
∗∗∗∗p < 0 0001 sham versus WT TBI; ##p < 0 01, ###p < 0 001, and ####p < 0 0001 WT TBI versus KO or APO TBI).
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Figure 6: Deletion of NOX2 attenuates immunoreactivity of the injured mouse cortex to NLRP3 inflammasome and its products at the7-day
post-TBI. Representative confocal images show that NLRP3, ASC, cleaved caspase-1 (p20), and cleaved IL-1β are elevated at the 7-day
post-TBI in WT-injured mouse cortex. Deletion of NOX2 attenuates the expression of both the inflammasome and its products in the
injured cortex at the 7-day post-TBI. All confocal images were quantified to the right of the representative panel of images (presented
as fold change relative to shams). n = 4, 5, and 4 mice (sham, WT, and KO, resp.). Scale bar represents 50μM. (∗∗p < 0 01, ∗∗∗p < 0 001,
sham versus WT TBI; #p < 0 05, ##p < 0 01, and ###p < 0 001 WT TBI versus KO TBI).
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Figure 7: Deletion of NOX2 suppresses protein expression of NLRP3 inflammasome and its products at the 7-day post-TBI. Representative
Western blots and quantification of all blots show the protein expression of NLRP3, ASC, cleaved caspase-1 (p20), and IL-1β in WT and
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of the NLRP3 downstream effectors, caspase-1 and IL-1β in
the injured cerebral cortex at the 4-day post-TBI. As shown
in Figure 10(a), mRNA expression of caspase-1 and IL-1β
was increased at the 4-day post-TBI in the injured cerebral
cortex of WT, but not NOX2 KO, mice. Since the activation
of the inflammasome leads to increased caspase-1 cleavage,
which in turn cleaves IL-1β into the mature form, we next
utilized Western blot analysis to assess the cleavage of
caspase-1 and IL-1β into their mature forms in the injured
cortex at the 4-day post-injury. TBI significantly increased
the cleavage of both caspase-1 and IL-1β in the injured cor-
tex, effects that were significantly attenuated in NOX2 KO
mice or by apocynin treatment (Figure 10(b)). Additional
blots confirming these results for expression of cleaved IL-
1β in WT, KO, and apocynin-treated groups are shown in
Figure 11. This attenuation in cleavage is also observed at
the 7-day post-TBI time point (Figure 7). The cleavage of

caspase-1 and IL-1β is further confirmed via immunofluores-
cent labeling of their cleaved products (Figure 10(c)). Simi-
larly, immunoreactivity of the cleaved caspase-1 subunit,
p20, and of cleaved IL-1β was reduced within the perilesional
cortex of NOX2 KOmice after TBI (Figure 10(c)). The exam-
ination of the 7-day post-TBI sections also showed similar
attenuation of caspase-1 and IL-1β cleavage (Figure 6).

3.6. TXNIP Links NOX2-Dependent Oxidative Stress and
NLRP3 Inflammasome Activation. TXNIP, which directly
links oxidative stress to NLRP3 inflammasome formation
[37], was next examined by dual immunofluorescent labeling
of NLRP3 (red) and TXNIP (green). As shown in
Figure 12(a), TBI significantly increased expression of
TXNIP in the injured cortex of WT mice at the 4-day post-
TBI, as compared to sham mice; however, this effect was
significantly attenuated in NOX2 KO mice (Figure 12(a)).
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Figure 9: Deletion of NOX2 attenuates NLRP3 inflammasome complex formation in the injured mouse cortex at the 7-day post-TBI.
Representative confocal images of Duolink in situ co-IP show red fluorescence indicative of NLRP3-ASC protein-protein interaction in
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injured cortex. Quantification of all images shows a significant increase in NLRP3 inflammasome complex formation after TBI that is
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Scale bar represents 50μM. (∗p < 0 05 sham versus WT TBI; ##p < 0 01 WT TBI versus KO TBI).
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Figure 10: NOX2 deletion leads to a decrease in expression and activation of the NLRP3 inflammasome effectors, caspase-1 and IL-1β in the
injured cortex after TBI. (a) Quantitative RT-PCR for inflammasome components and downstream interleukins caspase 1 and IL-1β. mRNA
samples were collected from the injured cortex at the 4-day post-TBI inWT andNOX2 KOmice. Caspase-1 and IL-1βmRNA show increased
gene expression at the 4-day post-TBI. Deletion of NOX2 significantly attenuates these changes. n = 4, 6, 6, and 9 mice (ctrl, sham, WT, and
KO, resp.). (b) RepresentativeWestern blot showing protein expression of NLRP3 inflammasome products cleaved caspase-1 p20 and cleaved
IL-1β. At 4 days after TBI, WT mice show increased expression of both cleaved effectors. However, mice deficient in NOX2 show attenuated
cleavage of caspase-1 and IL-1β. Inhibition of NOX using apocynin also produces similar attenuated cleavage. Quantification of blots shown
below representative image (data normalized to β-actin and presented as fold change relative to WT ctrl mice). BV2 sample included as
positive control. n = 4, 4, 7, 7, and 4 mice (WT ctrl, KO ctrl, WT, KO, and APO, resp.). (c) Representative confocal images showing
immunoreactivity of cleaved caspase 1 p20 and cleaved IL-1β in the injured cortex after TBI for WT and NOX2 KO mice. All images have
been quantified to the right of the representative panel (data presented as fold change relative to sham mice). TBI increased cleavage of
caspase-1 and IL-1β as detected by immunoreactivity of its cleaved products in WT mice at the 4-day post-TBI. Deletion of NOX2
attenuates this cleavage of caspase-1 and IL-1β at the 4-day post-TBI. n = 4, 6, and 6 mice (sham, WT, and KO, resp.). Scale bar represents
50μM. (∗∗p < 0 01, ∗∗∗p < 0 001, ∗∗∗∗p < 0 0001 sham versusWTTBI; #p < 0 05, ##p < 0 01, and ###p < 0 001WTTBI versus KO or APOTBI).
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Of note, a NOX2-dependent colocalization of TXNIP and
NLRP3 was observed after TBI. We next examined protein-
protein interaction between TXNIP and NLRP3 using the
Duolink proximity ligand assay. The increased interaction
of TXNIP and NLRP3 after TBI was reversed in NOX KO
mice at 4 days after injury (Figure 12(b)). Examination of
injured brain sections at the 7-day post-TBI also showed
attenuated TXNIP-NLRP3 interaction in NOX2-deficient
mice (Figure 13). Thus, TXNIP may link NOX2-dependent
oxidative stress and NLRP3 inflammasome activation in TBI.

4. Discussion

The current study provides several important findings. First,
it demonstrates that NLRP3 inflammasome expression and
activation are strongly induced in the injured mouse cerebral
cortex after TBI. Secondly, it demonstrates that the induction
of the NLRP3 inflammasome after TBI is coupled with
increased interaction with TXNIP, a known activator of
NLRP3. Thirdly, it provides the novel insight that NOX2
deletion strongly attenuates NLPR3 inflammasome activa-
tion after TBI, an effect that correlated with a reduced inter-
action of NLRP3 and TXNIP. The results of our studies were
confirmed using multiple approaches, which demonstrated
that NOX2 regulation of the NLRP3 inflammasome is
exerted at levels of gene, protein, and complex assembly.

The complex secondary cascade of injury following TBI
involves oxidative stress and inflammation. NOX2 and

microglial activation are detrimental after TBI [11, 12, 16,
18, 46, 47]. Though the study of inflammasomes in the con-
text of TBI is relatively recent, the detrimental role of elevated
IL-1β after TBI is well documented [48–50]. Our results
demonstrate that therapeutic targeting of NOX2 after TBI
may attenuate this inflammatory secondary injury cascade
involving IL-1β via a mechanism involving the NLRP3
inflammasome. We and others previously showed that
NOX2 expression and NADPH oxidase activity increase rap-
idly in the mouse cerebral cortex and hippocampal CA1
region after TBI with a prolonged peak from 24–96 hours
after TBI that occurs in microglia [12, 16, 18]. That NOX2
has a critical role in TBI outcome is evidenced by our finding
that cortical lesion size is significantly decreased and neuro-
nal survival robustly increased in NOX2 deletion mice, which
agrees with previous studies by our group and others show-
ing a similar protective effect of NOX2 deletion and NOX2
inhibitors after TBI [16, 18]. Furthermore, NOX2 inhibition
has been shown to lead to improved neurological outcome
after TBI [46].

We utilized a NOX2 KOmouse model of TBI to elucidate
the role of NOX2 in inflammasome activation following TBI.
We also utilized a selective NOX inhibitor, apocynin, to
further confirm the NOX2 genetic deletion results. Both dele-
tion and inhibition of NOX2 decreased the expression and
activation of the NLRP3 inflammasome following TBI. These
changes were paralleled by a concomitant reduction in IL-1β,
supporting a regulatory role of NOX2 in proinflammatory
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Figure 11: Additional Western blots for IL-1β. Blot showing cleaved IL-1β product in different set of WT ctrl, WT 4d TBI, and KO 4d TBI
mice and an additional APO 4d TBI mouse from those depicted in Figure 10. Densitometry quantification represents samples in this set of
blots relative to respective loading controls. Inhibition of NOX2 via either knockout or apocynin reduces protein expression of cleaved
IL-1β. Data presented as fold change relative to WT ctrl mice. (∗∗∗∗p < 0 0001 WT ctrl versus WT TBI; #p < 0 05 WT TBI versus APO
TBI; ###p < 0 001 WT TBI versus KO TBI).
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Figure 12: NOX2 deletion significantly attenuates TBI-induced TXNIP expression and complex formation within the injured mouse cortex.
(a) Expression of TXNIP in the injured cortex after TBI. Representative images from sham,WT, and NOX2 KOmice show that TBI increases
expression of TXNIP in the injured cortex after TBI, and TXNIP colocalizes with NLRP3 expression. Deletion of NOX2 attenuates the
expression of TXNIP in the injured cortex at the 4-day post-TBI. Immunoreactivity from all images has been quantified to the right of the
representative panel (data presented as fold change relative to shams). n= 4, 6, and 6 mice (sham, WT, and KO, resp.). (b) In situ PLA
demonstrating NLRP3-TXNIP complex formation after TBI and regulation by NOX2. Representative confocal images of Duolink in situ
co-IP show red fluorescence indicative of NLRP3-TXNIP protein-protein interaction in the injured cortex at the 4-day post-TBI. Mice
deficient in NOX2 show reduced NLRP3-TXNIP complex formation at the 4-day post-TBI in the injured cortex. Quantification of all
Duolink images shows significantly increased NLRP3-TXNIP interaction after TBI that is attenuated by NOX2 deletion. n= 4, 6, and
6 mice (sham, WT, and KO, resp.). Scale bar represents 50 μM. Data for (a) and (b) presented as fold change relative to sham
mice. (∗p < 0 05, ∗∗∗p < 0 001 sham versus WT TBI; #p < 0 05, ####p < 0 0001 WT TBI versus KO TBI).
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activation after TBI. While suggestive of a role for NOX2 in
NLRP3 regulation, the use of apocynin may be a caveat.
Although apocynin inhibits NOX2 assembly [51–53] and
requires NOX2 to elicit protection after cerebral infarction
[54], apocynin also may produce anti-inflammatory and
antioxidant effects independent of NOX2 [55, 56]. Despite

this mechanistic limitation, apocynin exhibits documented
clinical safety in asthma and chronic obstructive pulmonary
disease patients [57, 58] and reduced inflammasome forma-
tion, even when administered up to 24 hours post-TBI. As
24 hours is beyond the peak expression of NOX2 in neurons
[16], the delayed NOX2 elevation in immune cells may
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Figure 13: Deletion of NOX2 attenuates NLRP3-TXNIP complex formation at the 7-day post-TBI in the injured mouse cortex.
Representative confocal images of Duolink in situ co-IP show red fluorescence indicative of NLRP3-TXNIP complex formation in the
injured cortex at the 7-day post-TBI. Mice deficient in NOX2 show reduced NLRP3-TXNIP interaction at the 7-day post-TBI in the
injured cortex. Quantification of all Duolink images shows significantly increased NLRP3-TXNIP interaction after TBI that is attenuated
by NOX2 deletion (presented as fold change relative to shams). n = 4 mice/group. Scale bar represents 50 μM. (∗∗∗∗p < 0 0001 sham versus
WT TBI; ####p < 0 0001 WT TBI versus KO TBI).
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Figure 14: Effect of NOX2 deletion on NLRP3 inflammasome expression is conserved in both littermate and nonlittermate C57BL/6 mice at
the 4-day post-TBI. Representative Western blots showing expression of NLRP3, ASC, cleaved caspase-1 (p20), and cleaved IL-1β in ctrl, WT
TBI mice from Envigo (nonlittermate) and Jackson Labs (JAX, littermate to KO mice), and NOX2 KO TBI mice from JAX at the 4-day
post-TBI. Densitometry quantification (normalized to β-actin and represented as fold change to ctrl) is shown to the right of the
images. No differences were observed between WT mice from Envigo and JAX after TBI. Deletion of NOX2 still reduced expression
of NLRP3 inflammasome components when compared to WT Jackson Labs mice at the 4-day post-TBI. n = 3, 3, 5, and 3 (ctrl, WT
Envigo, WT JAX, KO JAX, resp.). (∗∗p < 0 01, ∗∗∗p < 0 001, ns = not significant).
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mediate release of proinflammatory cytokines, such as IL-1β,
to exacerbate the secondary injury after TBI. Thus, our stud-
ies provide translational value supporting the therapeutic use
of apocynin to reduce neuroinflammation within a delayed,
clinically relevant therapeutic window after TBI.

Based on the results of our study, we propose that NOX2-
derived oxidative stress induces TXNIP interaction with
NLRP3 to lead to NLRP3 inflammasome activation, which
exacerbates inflammation in the injured cortex after TBI. It is
possible that NOX2 may indirectly regulate inflammasome-
mediated neuroinflammation via altering migratory behavior
and/or inflammatory phenotype of peripheral immune cells
that infiltrate the injured cortex [59–61]. However, Kumar
et al. reportedpreviously thatCD45hi cellnumbersdidnotvary
betweenWT and NOX2−/−mice when examining the injured
cortex at the 3-day post-TBI, suggesting that NOX2 did not
affect the numbers of infiltrating peripheral macrophages
[60]. The same study also determined NOX2 involvement in
microglial polarization following TBI [60], but whether
polarization differences contribute to NLRP3 activation is
unknown. Since both resident and peripheral immune cells
are implicated inneuroinflammation afterTBI, further studies
are needed to address the involvement of inflammasomes in
the infiltratingmacrophages thatmigrate to the injured cortex
following TBI.

While our findings suggest that NOX2 mediates NLRP3
inflammasome activation following TBI, we cannot rule out
the possibility that other NOX isoforms may also contribute
to inflammasome activation, as NOX4 is elevated in both
rodent and human cortex after TBI [14]. Furthermore,
NOX4 has been reported to regulate NLRP3 inflammasome
activation in human umbilical vein endothelial cells under
high-glucose environment and to modulate TXNIP [62].
Although NOX2 did not regulate NLRP3 or TXNIP in the
umbilical vein endothelial cells [62], NOX2 deletion attenu-
ated NLRP3 induction in the cerebral cortex of mice after
ischemic stroke [63], as we observed after TBI. The reason
for the divergent effects is not clear, but it could suggest that
NOX isoform regulation of NLRP3 inflammasome activation
may be tissue- and/or context specific. Importantly, these
observed effects were independent of strain and supplier, fur-
ther supporting the notion that NOX2 inhibition on NLRP3
inflammasome is a conserved mechanism of injury after TBI
(Figure 14), and this relationship may apply to other disease
models utilizing different mouse strains.

An interesting question is whether NOX2 regulates other
types of inflammasomes in addition to the NLRP3 inflamma-
some. While our study did not address this issue, correla-
tional human studies suggested involvement of NLRP1 and
AIM 2 in the pathogenesis of TBI [29–31]; however, these
findings remain to be demonstrated in mechanistic
experimental models. In addition, while there is significant
evidence that ROS can regulate the NLRP3 inflammasome,
there is little evidence of similar ROS regulation of NLRP1
and AIM 2. Thus, further work is needed to elucidate the role
of other inflammasome complexes in TBI and determine any
potential regulation by NOX.

In conclusion, the results of our study demonstrate that
increased NLRP3 inflammasome activation is in the injured

cortex after TBI. Notably, we show that NOX2 regulates
NLRP3 inflammasome expression and activation. Further-
more,we show thatNOX2regulationof theNLRP3 inflamma-
somemaybe throughoxidative stress sensingofTXNIP.These
findings provide new insight into the anti-inflammatory
effects of NOX2 inhibition and support the potential transla-
tional value for NOX inhibitors in the clinical management
of TBI. Thus, therapeutic targeting of NLRP3 inflammasome
may provide a novel and efficacious treatment for TBI, as
well as other acute and chronic brain injuries involving the
activation of the NLRP3 inflammasome.
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The general disruption of redox signaling following an ischemia-reperfusion episode has been proposed as a crucial
component in neuronal death and consequently brain damage. Thioredoxin (Trx) family proteins control redox reactions
and ensure protein regulation via specific, oxidative posttranslational modifications as part of cellular signaling processes.
Trx proteins function in the manifestation, progression, and recovery following hypoxic/ischemic damage. Here, we analyzed
the neuroprotective effects of postinjury, exogenous administration of Grx2 and Trx1 in a neonatal hypoxia/ischemia model. P7
Sprague-Dawley rats were subjected to right common carotid ligation or sham surgery, followed by an exposure to nitrogen. 1 h
later, animals were injected i.p. with saline solution, 10mg/kg recombinant Grx2 or Trx1, and euthanized 72 h postinjury.
Results showed that Grx2 administration, and to some extent Trx1, attenuated part of the neuronal damage associated with a
perinatal hypoxic/ischemic damage, such as glutamate excitotoxicity, axonal integrity, and astrogliosis. Moreover, these
treatments also prevented some of the consequences of the induced neural injury, such as the delay of neurobehavioral
development. To our knowledge, this is the first study demonstrating neuroprotective effects of recombinant Trx proteins on the
outcome of neonatal hypoxia/ischemia, implying clinical potential as neuroprotective agents that might counteract neonatal
hypoxia/ischemia injury.
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1. Introduction

One of the main causes of neonatal death and neurological
deficits in children is an insufficient oxygen supply during
birth, known as perinatal asphyxia (PA). The central nervous
system (CNS), particularly the brain, is damaged as a result of
the combination of hypoxia, blood flow reduction (ischemia),
and reoxygenation [1]. This pathology is associated with an
increase in the levels of glutamate [2] and the consequent
release of nitric oxide (NO) [3, 4]. Moreover, an increase of
the superoxide anion radical (O2-·) which can rapidly react
with NO to form peroxynitrite anions (ONOO-) has been
described [5]. The excess of these molecules and the unspe-
cific damage to various biomolecules have been described
as oxidative stress in the 80th and have been linked to cell
death, inflammation and might even explain the high
mortality risk. Nowadays, the definition of oxidative stress
has been paraphrased, acknowledging the function of differ-
ent reactive species in physiological signaling cascades as well
as their dysregulation in pathological conditions [6].

Redox signaling is regulated by proteins of the thiore-
doxin (Trx) family such as Trxs, glutaredoxins (Grxs) and
peroxiredoxins (Prxs), that use thiol groups of cysteinyl
residues within their active site motifs to catalyze for example
thiol-disulfide exchange reactions [7, 8] (for an overview, see
[6]). These redox proteins show tissue- and cell type-specific
distributions. For instance, our work demonstrates specific
differences in terms of protein abundance and distribution
in the murine CNS [9, 10]. Trx family proteins possess the
representative common structural motif, known as the Trx
fold [11]. Trxs and Grxs are small oxidoreductases that
contain the characteristic and highly conserved dithiol Cys-
X-X-Cys motif in their active site that is essential for the
reduction of specific disulfide bonds via the dithiol mecha-
nism. Moreover, Trxs can catalyze the de-/nitrosylation of
substrates and Grxs can catalyze the de-/glutathionylation
of target proteins via the monothiol mechanism (reviewed
in [12]). Trxs and Grxs can reduce Prxs, which are not only
highly abundant peroxidases but rather regulators of the
levels of the second messenger hydrogen peroxide and there-
fore essential for redox signaling [6, 12].

Interestingly, these proteins were shown to be altered in
terms of expression, cellular distribution, and/or activity in
various disorders. Also in diseases linked to hypoxia/ische-
mia, Trxs, Grxs, and Prxs and thereby cellular signaling
within distinct cell types and tissues are significantly altered
(for an overview, see [6]). Following cerebral ischemia
induced by middle cerebral artery occlusion, Trx1 was
reduced in ischemic areas and increased in perifocal ischemic
regions [13]. Trx1 was induced in hippocampal glial cells
during reperfusion following a transient cerebral ischemia
in gerbils [14]. Transgenic mice overexpressing human
Trx1 showed attenuated ischemic neuronal injury and signif-
icantly smaller infarct sizes when subjected to focal cerebral
ischemia [15]. Moreover, Trx1 overexpression was shown
to protect mice from neuronal apoptosis following mild
focal ischemia [16]. In accordance with this evidence, the
knock-down of Trx1 led to more pronounced neurological
dysfunction, brain infarct size, brain edema, and overall

peroxidation [17], as well as exacerbated apoptosis of neu-
rons, behavioral deficits, and mortality [18]. Interestingly,
the overexpression of the mitochondrial Trx2 attenuated
ROS-induced TNF-α expression and subsequent NF-κB
activation and apoptosis [19]. Additionally, the protein levels
of the cytosolic Grx1 were diminished after middle cerebral
artery occlusion, correlating with neuronal damage [20].
Moreover, the overexpression of Prx2 was shown to protect
cortical neuronal cell cultures from oxidative and ischemic
damage [21]. Furthermore, exogenous administration of
human Trx1 was shown to be able to pass the blood-brain
barrier and exert a positive effect on neurogenesis promotion
and cognitive recovery following cerebral ischemia in adult
mice [22].

We have recently shown an increase in the hippocampal
protein levels of Trx1 and Grx2 following a neonatal
hypoxic/ischemic event. The specific knock-down of these
proteins in a neuron-like cell model allowed us to characterize
the importance of these proteins in neuronal differentiation
and maturation after a hypoxic/ischemic reperfusion event.
Particularly, both Grx2 and Trx1 seem to protect neuronal
cells from hypoxia-induced damage, while Trx1 knock-
down decreases cellular proliferation and viability. Moreover,
the absence of either Grx2 or Trx1 following hypoxia and
reoxygenation triggers differentiation into a glial-like cell
type [23]. Interestingly, it was shown before in zebra fish
that the loss of glutaredoxin leads to neuronal apoptosis
and loss of an axonal scaffold, making Grx an essential
protein for embryonic brain development [24].

Several potential neuroprotective agents have been used
in the past to ameliorate the hypoxia/ischemia-induced
damage in the CNS; however, neither of them has shown to
be effective against hypoxia/ischemia-induced damage in
the CNS. Here, we demonstrate the neuroprotective effects
of exogenously administered, recombinantly expressed Grx2
and Trx1 (particularly in the hippocampus) in an animal
model of neonatal hypoxia/ischemia, implying potential
new therapeutic strategies.

2. Experimental Procedures

2.1. Animals. All experiments were conducted according to
the principles of the guide for the care and use of laboratory
animals (NIH publication no. 80-23, revised 1996) and
approved by the institutional animal care and use committee
at the University of Buenos Aires (School of Medicine). All
efforts were made to reduce the number of animals used
and to minimize suffering. Pregnant rats were obtained from
the “School of Veterinary Sciences” central vivarium at the
University of Buenos Aires. All animals were kept in a
temperature (21± 2°C) and humidity (65± 5%) controlled
environment on a 12 h light/dark cycle. Animals had ad
libitum access to food (Purina chow) and tap water.

2.2. Model for Common Carotid Artery Ligation and
Treatment. The model for common carotid artery ligation
used in this study has been previously developed and vali-
dated [23, 25]. P7 male Sprague-Dawley rats were anesthe-
tized (40mg/kg ketamine and 4mg/kg xylazine) and placed
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on a heat plate to keep their body temperature at constant
37°C. The right common carotid artery (CCA) was exposed
through an incision on the neck and was then isolated and
permanently ligated with a 6-0 surgical silk thread (carotid
group n = 27). Afterwards, the wound was closed and pups
were returned to their dams for 4-5 h to recover. Subsequently,
the animals were subjected to a 100%nitrogen environment at
37°C for 3 minutes to induce anoxia. Sham-operated rats
(sham group n = 27) had their right CCA exposed but not
ligated, and no nitrogen was applied. One hour after nitrogen
exposure, animals were injected intraperitoneally (i.p.) with
either saline solution (vehicle group n = 9), 10mg/kg of
recombinantly expressed and purified human Grx2 (Grx2
group n = 9), or 10mg/kg of recombinantly expressed and
purified human Trx1 (Trx1 group n = 9). At 72 h postinjury
(postnatal day 10 (P10)), animals were sacrificed and their
blood plasma and brains were collected for further analysis.
The cloning, recombinant expression, and purification of
hGrx2 and hTrx1 are described in Lundberg et al. [26] and
Godoy et al. [9] and were produced in Dr Lillig’s laboratory.
All human recombinant Grx2 and Trx1 were processed to
exchange the original buffer for phosphate-buffered saline
(PBS) and increase protein concentration. Before injection,
each concentrate was diluted (at least 10-fold) with sterile
saline solution in order to reach a 10mg/kg dosage.

2.3. Western Blotting.Western blot analysis was performed as
previously described in Romero et al. [23]. Animals were
euthanized by decapitation, and brains were dissected,
homogenized in ice-cold lysis buffer (10mM Tris/HCl, pH
7.4, 10mM NaCl, 3mM MgCl2, 0.1% NP-40, protease
inhibitors), and fast frozen in liquid nitrogen. The tissues
were then thawn on ice and centrifuged at 13000 rpm for
15min at 4°C. The supernatants were analyzed for total pro-
tein concentration using Bradford solution (Biorad, Munich,
Germany) in 96-well plates with bovine serum albumin
(BSA) as standard. 10–20μg of total protein were diluted in
sample buffer (0.3M Tris/HCl, pH 7, 50% glycerol, 5%
SDS, 1mM EDTA, 0.1% bromphenol blue) and were treated
with 100mM DTT for 30min at room temperature followed
by 10min at 94°C. Samples were subjected to SDS–PAGE
using the Mini-Protean TGX stain-free 4–20% precast gels
(Biorad) and were transferred to PVDF membranes accord-
ing to the manufacturer’s instructions.

Membranes were blocked with 5% nonfat milk powder
and 1% BSA in Tris-buffered saline containing 0.05% Tween
20 and incubated with specific primary antibodies at 4°C
overnight. Antigen-antibody complexes were stained using
horseradish peroxidase- (HRP-) coupled antibodies (Biorad,
Richmond, CA, USA) and the enhanced chemiluminescence
method. Luminescence was recorded using a gel documen-
tation system (ChemiDoc™ XRS+ System). The total protein
amount in each lane was quantified using the stain-free
technology of Biorad and was used for normalization of the
blotting data obtained from densitometric analysis [27, 28].
Antibodies detecting HSP70 (4873S, dil 1 : 1000) and PSD95
(ab18258, dil 1 : 1000) were purchased from Cell Signaling
Technology (Danvers, USA) and Abcam (Cambridge,
USA), respectively.

2.4. ELISA.A specific sandwich ELISA kit (NS170, Chemicon
International, USA-Canada) was used to quantify the heavy
chain of phosphorylated neurofilaments (pNF-H) accord-
ing to the manufacturer’s instructions. Briefly, a 96-well
immunoplate precoated with chicken anti-pNF-H polyclonal
antibody was used to capture pNF-H in plasma samples, as
well as specific standards with known pNF-H concentrations.
Captured pNF-H was then detected by a rabbit anti-pNF-H
polyclonal antibody (1 : 100) and followed by an alkaline
phosphatase-conjugated goat anti-rabbit polyclonal anti-
body. After the addition of the substrate pNPP (p-nitrophe-
nyl phosphatase), the amount of pNF-H was determined by
absorbance at 405nm.

2.5. Immunohistochemistry and Cell Counting. Immuno-
histochemistry was performed as previously described in
Romero et al. [23]. Animals were anesthetized with 28%
(w/v) chloral hydrate, 0.1ml/100 g of body weight, and
intracardially perfused with 4% paraformaldehyde (Sigma-
Aldrich, St. Louis, MO, USA) freshly prepared in 0.1M phos-
phate buffer, pH 7.4. Brains were dissected and postfixed in
the same solution for 2 h. Coronal brain sections (4μm thick)
were cut using a Leica sliding microtome and then recovered
for light microscopy studies. Prior to the staining, sections
were incubated in 3% hydrogen peroxide for 10min to
quench endogenous peroxidases. After three washing steps
in PBS, nonspecific antibody binding sites were blocked with
10% goat serum (Invitrogen Corporation, Camarillo, CA,
USA) in PBS and sections were incubated overnight with
anti-GFAP rabbit polyclonal antibody (1 : 500, Z0334, Dako,
Germany) at 4°C. Then, sections were washed three times
with PBS and subsequently incubated with a goat anti-
rabbit biotinylated secondary antibody (1 : 500, BA-1000,
Vector Laboratories Inc., USA) for 60min at room tempera-
ture. The streptavidin/HRP detection system (P0397, Dako,
Germany) was used for antigen staining according to the
manufacturer’s recommendations. Sections were incubated
with the substrate diaminobenzidine (11718096001, Roche
Life Science, USA) for 5min at room temperature. Finally,
sections were dehydrated and were mounted with Canada
balsam (Sigma-Aldrich, St. Louis, MO, USA). Sections
without incubation with the primary antibody were used as
a control to verify the specificity of the secondary antibody.
Samples were examined by light microscopy using a Leitz
Laborlux S microscope (Heidelberg, Germany) equipped
with a CCD video camera (Canon). Images were analyzed
and compiled using Adobe Photoshop 11.0 CS4. Note that for
protein staining, all samples (both sham and carotid groups)
were processed together in the same batch, using the same
antibody dilutions and the same time for DAB development.

Cell counting analysis was carried out in 5 to 6 coronal
sections obtained from −3.14mm to −4.30mm Bregma levels
(dorsal hippocampus) [29], for a total of 4 animals per group.
In every section, the number of GFAP positive cells was
quantified in both hemispheres and averaged. A mean was
calculated for each animal and used for subsequent statistical
analysis. We determined the cell number per area using the
“Cell Counter” Image J 1.38X plugin tool (NIH, USA). In sec-
tions stainedwithGFAP containingCornuAmmonis 1 (CA1),
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we set 0.02mm2 squares along the Stratum pyramidale (sp) of
CA1 in such a manner that the whole area was represented.
Subsequently, we manually determined the number of cells
in each square and calculated the number of cells per mm2.
All quantifications were performed in a blind approach.

2.6. Neurobehavioral Studies. Neurobehavioral development
studies were carried out from the first day after hypoxia-
ischemia induction (P8), till the last animal showed the
appearance or disappearance of the analyzed reflex (~P19).
Animals were evaluated every day at the same time (10 a.m.)
for approximately 3 hours each time. All scoring was
performed blindly by two observers. In order to evaluate the
possible effect of the treatment in the neurobehavioral devel-
opment of the animals, pups were subjected to a series of tests
previously described by Kiss et al. [30], Shahrokhi et al. [31],
and Giriko et al. [32], which assess the manifestation of dif-
ferent reflexes such as surface righting reflex, negative geo-
taxis, crossed extensor reflex, ear and eyelid twitching, and
auditory startle. Additionally, ear unfolding and eye opening
were assessed as a measurement of physical development.

2.7. Statistical Analysis. Band intensities obtained from
Western blots were quantified using GelPro 3.1 and were
expressed as percentage of the control levels (sham-operated
rats injected with saline solution). Total protein amount,
visualized using the stain-free technology of Biorad was
quantified using the ImageLab 5.0 software (Biorad). Bar
diagrams depict the mean of four independent quantifica-
tions for each experiment, consisting of sham-operated
(sham-veh, n = 5; sham-Grx2, n = 5; and sham-Trx1, n = 5)
and ischemic (carotid-veh, n = 5; carotid-Grx2, n = 5; and
carotid-Trx1, n = 5) animals + SEM, correlated to total pro-
tein. Two-way ANOVA tests with condition (sham, carotid)
and treatment (vehicle, Grx2, and Trx1) as between-subject
factors, followed by Tukey’s post hoc tests, were employed
to analyze the biochemical parameters and protein levels.
For the neurobehavioral analysis, bar diagrams depict the
mean of the day of appearance of the assessed reflexes for
each group, consisting of sham-operated (sham-veh, n = 10;
sham-Grx2, n = 10; and sham-Trx1, n = 10) and ischemic
(carotid-veh, n = 10; carotid-Grx2, n = 10; and carotid-Trx1,
n = 10) animals + SEM. Kruskal-Wallis tests, followed by
Mann–Whitney tests for pair-wise multiple comparisons,
were employed to analyze neurodevelopmental parameters.
In all cases, the level of significance was set up at 5%. All anal-
yses were performed using SPSS 15.0 (Chicago, IL, USA).

3. Results

We have previously shown that Grx2 and Trx1 are induced
in the hippocampus upon perinatal asphyxia [23]. Interest-
ingly, Grx2 and Trx1 are essential for the neuronal integrity,
since the knock-down of these redoxins in the neuroblastoma
cell line SH-SY5Y affected cell morphology and viability
during hypoxia and reoxygenation [23]. Within this study,
we investigated whether recombinant Grx2 and Trx1 can
be used as therapeutics following perinatal asphyxia, using
the well-established murine carotid ligation model.

3.1. Grx2 Administration Decreases Neuronal Damage after
Neonatal Hypoxia/Ischemia. Perinatal asphyxia was induced
in rats by carotid ligation and 3min nitrogen treatment.
Following the treatment with recombinantly expressed and
purified Grx2, Trx1, or saline solution 1 h after the hypoxic/
ischemic event, animals were sacrificed and their brains
analyzed. We observed that animals from the carotid ligation
group that only received a saline injection displayed an
approximately 3-fold higher immunoreactivity against the
neuronal damage marker heat shock protein 70 (HSP70)
than the sham group with the same treatment (p < 0 01)
(Figure 1). The carotid ligation group treated with recombi-
nant human Grx2 presented an approximately 3-fold lower
immunoreactivity against HSP70 than the carotid ligation
group with saline injection (p < 0 01) and did not differ from
both, the sham group treated with Grx2 nor the sham group
treated with saline solution (Figure 1). Treatment with
recombinant human Trx1 did not affect the protein levels of
HSP70 in both, sham (p < 0 01) and carotid ligation animals
(p < 0 01). The carotid ligation group treated with Trx1 also
presented a 3-fold higher immunoreactivity against HSP70,
comparable to the sham carotid ligation group (Figure 1).

3.2. Exogenous Administration of Grx2 or Trx1 Interferes
with the Glutamate Excitotoxicity Pathway after Neonatal
Hypoxia/Ischemia. To determine whether Grx2 or Trx1
treatments affect the excitotoxic effects of glutamate associ-
ated with PA, we analyzed the protein levels of the postsynap-
tic density protein 95 (PSD95). High levels of PSD95 have
been linked to increase glutamate excitotoxicity, while its
reduction has been linked to a neuroprotective effect in neo-
natal models of hypoxia/ischemia [33–35]. Western blotting
analysis showed that animals subjected to neonatal hypoxia/
ischemia and injected with saline solution presented over
5-fold higher levels of PSD95 in comparison to the sham
group with the same treatment (p < 0 01) (Figure 2). After
injection of 10mg/kg of Grx2 1 hour after the hypoxic/ische-
mic insult, the carotid ligation group displayed no differences
compared to the sham group that was also treated with Grx2.
Furthermore, neither the sham group nor the carotid group
treated with Grx2 showed any significant differences when
compared to the sham group that only received the saline
injection (Figure 2). The carotid ligation group treated with
Grx2 presented an approximately 6-fold reduction in the
levels of PSD95 compared with the saline-treated carotid
ligation group (p < 0 01) (Figure 2). The carotid ligation
group treated with Trx1 presented a 3-fold increase in
PSD95 levels in comparison to both the sham group treated
with Grx2 (p < 0 05) and the sham group with saline injec-
tion (p < 0 05). Nonetheless, Trx1 treatment significantly
attenuated the increase in PSD95 levels in the carotid ligation
group by 3-fold in comparison to the carotid group treated
with saline solution (p < 0 01) (Figure 2).

3.3. Exogenous Administration of Grx2 or Trx1 Helps in
Maintaining Structural Integrity after Neonatal Hypoxia/
Ischemia. The structural integrity of axons was evaluated in
hypoxic/ischemic animals 72 h after the hypoxia/ischemia
event by analyzing the plasma levels of phosphorylated
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neurofilament heavy protein (pNF-H). In fact, animals of the
CCA ligation group with the saline injection had a 50%
increase in the levels of pNF-H in plasma in comparison to
the sham group treated only with saline solution (p < 0 05)
(Figure 3). Animals subjected to an injection of 10mg/kg of
Grx2 one hour after the hypoxic/ischemic event did not show
the increase in pNF-H levels in plasma normally associated
with structural axon damage. Moreover, both the carotid
ligation and sham groups treated with Grx2 did not display
differences in the levels of pNF-H, compared to the sham
group that only received a saline injection (Figure 3). Simi-
larly, animals from the carotid ligation group treated with
Trx1 did not present an increase in pNF-H plasma levels.
Interestingly, the levels of pNF-H in plasma in the groups
treated with Trx1 were still another 50% lower than those
detected in the sham group that only received a saline
injection (p < 0 05) (Figure 3).

3.4. Exogenous Administration of Grx2 and Trx1 Avoids the
Astrogliosis Caused by Neonatal Hypoxia/Ischemia. The effect

of Grx2 and Trx1 treatment on astrogliosis development
following the hypoxic/ischemic event was analyzed by glial
fibrillary acidic protein (GFAP) immunostaining in the
stratum radiatum of the hippocampal CA1 area, which
previously has been reported as a particularly susceptible area
in neural plasticity and development of astrogliosis [36–38].
As expected, hypoxic/ischemic rats injected with saline solu-
tion presented an approximately 30% increase in the number
of GFAP positive (GFAP+) astrocytes, in comparison to
sham rats treated with saline solution (p < 0 01) (Figure 4).
Animals from the carotid ligated group treated with Grx2
did not present an increase in the number of GFAP+ cells
when compared to the carotid ligated group treated with
saline solution (p < 0 05), while it did not show any differ-
ences in comparison with the sham group treated with
Grx2 (Figure 4). Likewise, the carotid group treated with
Trx1 did not show an increase in GFAP+ astrocytes in
comparison to the carotid group that only received the
saline solution injection (p < 0 01). No significant differ-
ence was detected between the carotid ligation and sham
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Figure 2: Grx2 and Trx1 interfere with the glutamate excitotoxicity
pathway following neonatal hypoxia/ischemia. Perinatal asphyxia
was induced in rats by carotid ligation and 3min nitrogen
treatment. During 1 h postischemia, the animals were treated with
recombinant Grx2 or Trx1. Hippocampi were isolated and
analyzed for changes in the protein levels of PSD95 by Western
blot, as a reporter for the induction of glutamate exitotoxicity. The
diagram depicts the relative protein levels compared to sham-
operated rats that only received a saline solution (vehicle). Bars
show the mean + SEM of 5 rats per group. Two-way ANOVA test
[condition (sham, carotid): F 1,24 = 29 07, p < 0 001; treatment
(veh, Grx2, and Trx1): F 2,24 = 58 36, p < 0 05; and interaction:
F 2,24 = 10 61, p < 0 001] followed by Tukey’s post hoc tests was
employed to analyze the data. ∗p < 0 05, ∗∗p < 0 01.
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Figure 1: Grx2 reduces neuronal damage following perinatal
hypoxia/ischemia. Perinatal asphyxia was induced in rats by carotid
ligation and 3min nitrogen treatment. During 1 h postischemia, the
animals were treated with recombinant Grx2 or Trx1. Hippocampi
were isolated and analyzed for changes in the protein levels of the
neuronal damage marker HSP70 by Western blot. The diagram
depicts the relative protein levels compared to sham-operated
rats that only received a saline solution (vehicle). Representative
Western blots demonstrate the significant changes. Bars depict
the mean + SEM of 5 rats per group. Two-way ANOVA test
[condition (sham, carotid): F 1,24 = 49 85, p < 0 001; treatment
(veh, Grx2, and Trx1): F 2,24 = 8 05, p < 0 01; and interaction:
F 2,24 = 8 39, p < 0 01] followed by Tukey’s post hoc tests was
employed to analyze the data. ∗∗p < 0 01.

5Oxidative Medicine and Cellular Longevity



groups treated with Trx1 (Figure 4). Moreover, all groups
treated with either Grx2 or Trx1 did not show significant
differences when compared with the sham group treated
only with the saline solution (Figure 4), suggesting that
the treatment with either Grx2 or Trx1 protects from the
astrogliosis associated with the hypoxic/ischemic event
during birth.

3.5. Grx2 and Trx1 Administration Reverts Some of the
Early Developmental Alterations Associated with Neonatal
Hypoxia/Ischemia. In order to assess both the effects of
the hypoxic/ischemic event and the treatment with Grx2 or
Trx1 on the neurodevelopment of pups, a series of reflexes
and physical developmental parameters were measured from
postnatal day 8 (P8) until ~P19. There were no significant
differences between group conditions (sham or carotid) or
between treatments (saline, Grx2, or Trx1 administration)
for the tasks evaluating surface righting reflex, negative
geotaxis, crossed extensor reflex, ear twitching, auditory
startle, and ear unfolding (see Supplementary Figure 1 avail-
able online at https://doi.org/10.1155/2017/4162465). Never-
theless, carotid animals that only received a saline injection
displayed a significant delay in eye opening and eyelid twitch-
ing in comparison with sham-operated animals (p < 0 05 in
both cases, see Figures 5(a) and 5(b), resp.). Interestingly,

Grx2 administration reverted the delayed eye opening
observed in the carotid group treated with saline
(Figure 5(a)). Trx1 administration had no effect on this devel-
opmental parameter. Interestingly, Grx2 had no effect on the
delay in eyelid twitching observed after the injury, while Trx1
treatment reverted the delay in relation with the sham group
(Figure 5(b)).

4. Discussion

Recently, we have analyzed the changes in the levels of
14 members of the Trx family in the brains of rats subjected
to the carotid ligation model [23], showing that Grx2 and
Trx1 are crucial for the recovery following hypoxia/ischemia
and reoxygenation. In fact, silencing of these proteins in
neuron-like cell cultures (SH-SY5Y) plays an important role
in maintaining the neuronal phenotype of these cells [23].
These studies prompted us to investigate the effects of
protein administration on the neuronal damage caused by
PA. The results presented suggest that the administration of
Grx2, and to some extent the administration of Trx1, has
the potential to significantly attenuate the neuronal damage
caused by PA, including the cellular damage response, gluta-
mate excitotoxicity, axonal integrity, and astrogliosis. It is
worth mentioning that the reoxygenation phase following a
hypoxic/ischemic event comprises the early, acute phase that
is induced by O2, O2−, and overall changes in cellular redox
properties, and the late subacute phase that is rather
induced by the overall immune response [39]. Here, we
have focused on the short-term changes (72 h posthypoxic/
ischemic event) induced by PA, because (i) the CNS is
especially susceptible to oxidative damage due to its high
metabolic rate, its oxygen consumption, and its low capacity
for regeneration and (ii) these changes correlate with the
mortality rate of patients [40–43].

Interestingly, Prxs, substrates for Trxs and Grxs, are
significantly altered as a result of stroke-related insults
[21, 44–46]. Overexpression of Prx6 decreased hypoxia-
induced retinal ganglion cell death [47]. Prx3, which was
shown to be reduced and regenerated by Grx2 [48], showed
elevated protein levels in the hippocampus of gerbils
following cerebral hypoxia/ischemia and reoxygenation and
protected CA1 pyramidal neurons against the induced dam-
age [49]. It is thus tempting to speculate that the protective
mechanism of Grx2 could involve the reduction of Prxs and
therefore the regulation of intracellular levels of peroxides
and cellular signaling, as well as the molecular damage that
can occur in the presence of high peroxide levels.

Cellular damage derived from an ischemic insult induces
the expression of heat shock proteins, one of the groups of
proteins involved in the overall stress response [50]. HSP70
is constitutively expressed and is the most abundant heat
shock protein present in the cell, and it is produced as a
response to several stimuli, such as heat, heavy metals, toxins,
and ischemia [51]. Increased HSP70 expression has been
reported as a response to ischemic damage in neurons,
astrocytes, and endothelial cells [52]. Interestingly, cerebral
ischemia in rats induces HSP70 expression, mainly in the
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Figure 3: Grx2 and Trx1 help to maintain the structural integrity
following neonatal hypoxia/ischemia. Plasma from 10-day-old
rats that were subjected to a carotid ligation or sham operation
and subsequent 3min nitrogen treatment and received a
treatment with either saline solution, Grx2, or Trx1 one hour
postinjury, was screened for pNF-H as a measurement of
structural damage to the axons. The levels of pNF-H were
analyzed by a specific ELISA. Bars represent the mean + SEM of
5 rats per group. Two-way ANOVA test [condition (sham,
carotid): F 1,24 = 27 20, p < 0 001; treatment (veh, Grx2, and
Trx1): F 2,24 = 53 34, p < 0 001; and interaction: F 2,24 = 7 47,
p < 0 01] followed by Tukey post hoc tests was employed to
analyze the data. ∗p < 0 05, ∗∗p < 0 01.
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hippocampus and the cerebral cortex, correlating with the
vulnerability of the CNS to ischemic damage [53]. Since
carotid animals that were treated with Grx2 presented signif-
icantly lower levels of HSP70 compared to control animals
that only received saline solution, it can be inferred that
Grx2 can significantly reduce the immediate cellular response

towards the hypoxic/ischemic event associated with the
HSP70 response (Figure 1).

The protein-protein interactions, mediated by the PPDZ
domain of the postsynaptic density 95 protein, are key
elements in intracellular signaling [54]. The structural
postsynaptic protein PSD95 binds simultaneously to the
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Figure 4: Grx2 and Trx1 prevent the characteristic astrogliosis that follows neonatal hypoxia/ischemia. (a) Representative immunostainings
of GFAP in the CA1 area of the hippocampus. Insets show the morphological details of astrocytes. (b) Quantification of GFAP+ cells as
number of positive cells by mm2 was used as a measurement of the reactive gliosis response. Bars represent the mean + SEM of 4 rats per
group. Two-way ANOVA test [condition (sham, carotid): F 1,18 = 17 52, p < 0 001; treatment (veh, Grx2, and Trx1): F 2,18 = 7 42,
p < 0 001; and interaction: F 2,18 = 3 97, p < 0 05] followed by Tukey’s post hoc tests was employed to analyze the data. ∗∗p < 0 01. Scale
bars 10 μm.
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ionotropic glutamate receptor NMDA and the enzyme
nNOS through its PDZ1 and PDZ2 domains [55]. The
activation of the NMDA receptor causes the influx of intra-
cellular Ca2+ which, in turn, produces the activation of nNOS
with the consequent generation of NO [35], one of the most
common promoters of glutamate excitotoxicity [56, 57].
Considering that PSD95 inhibition does not affect the overall
ion flux [58] or the signaling pathways that favor survival
[59], which are mediated by the NMDA receptor, it has been
speculated that PSD95 could be a safe and efficient target for
the treatment of cerebral ischemic damage [60]. Hence, neu-
rons deficient for PSD95 or nNOS show a reduction in the
vulnerability to glutamate excitotoxicity [61]. Previous stud-
ies have shown that the reduction of PSD95 expression is
linked to a reduction of the damage associated with a neona-
tal hypoxic/ischemic event [33–35]. As expected, the levels of
PSD95 were significantly elevated in the carotid group com-
pared to the sham animal group (about 7-fold increase).
Interestingly, no significant increase of PSD95 was detected
in the carotid animals injected with Grx2 compared to the
sham animal groups injected with saline solution or Grx2.
Thus, Grx2 might not only counteract the HSP70 response
but also the damage associated to glutamate excitotoxicity
after the hypoxic/ischemic injury (Figure 2). Even though
Trx1 treatment did not show a significant effect on HSP70
protein levels following the hypoxia/ischemia (Figure 1), a
significant 3-fold decrease in the protein levels of PSD95
compared with the carotid group treated with saline solution
was detected. However, Trx1 treatment was not as efficient as
Grx2 in preventing or counteracting the induction of PSD95
(Figure 2).

The screening of specific components in tissues and
biological fluids secreted upon pathological conditions is

commonly used as a therapeutic and diagnostic tool [62].
Neurofilaments are highly abundant proteins in neurons
and are found in the axons of all neurons. Their main
function is the maintenance of the axonal gauge, which is
essential for the morphological integrity and the conduction
velocity of neuronal impulses [63]. Three types of neurofila-
ments (light neurofilaments (NF-L), medium neurofilaments
(NF-M), and heavy neurofilaments (NF-H)) make up the
nerve fibers and are eliminated to the extracellular space in
considerable amounts following axonal damage or neuronal
degeneration [64–66]. The perturbation of the axonal mem-
brane expels neurofilaments to the interstitial space and
eventually to the cerebrospinal fluid and the blood. In this
manner, the levels of neurofilaments in the blood can be used
for both the prediction and monitoring of the progress of a
disease and the evaluation of the efficacy and/or toxicity of
neuroprotective treatments [67–70]. The phosphorylated
form of NF-H is axon-specific and is used as a specific
marker for neuronal damage and degeneration [71]. pNF-H
levels are, for instance, elevated following acute hypoxic/
ischemic damage [72]. It has been further shown that the levels
of pNF-H in serum and cerebrospinal fluid are increased after
a variety of damages to the CNS, both in animal models and
in humans [71]. Moreover, the increment of pNF-H levels in
serum is a good indicator of the degree of the lesion in the
white matter of the CNS [73]. In our model, we could con-
firm that acute hypoxia/ischemia leads to neuronal damage
and elevated levels of pNF-H in serum compared to sham
animals (Figure 3). Interestingly, when the carotid animals
were treated with Grx2 or Trx1 following the hypoxic/
ischemic event, no such increase was detectable via specific
ELISA (Figure 3). It is worth to notice that in the case of
Trx1 administration, pNF-H levels both in sham and
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Figure 5: Grx2 and Trx1 revert the delay in the appearance of eye neurodevelopment milestones present after neonatal hypoxia/ischemia.
Pups were evaluated for the detection of variation in the appearance of different reflexes and motor skills. (a) Quantification of the eye
opening in pups expressed as the day of the first appearance (both eyes presented completed separation of the eyelids). (b) Quantification
of the eye twitching reflex in pups expressed as the day of the first appearance (day in which both eyelids twitch for the first time). Bars
represent the mean + SEM of 10 rats per group. Kruskal-Wallis tests [eye opening: H= 25.35, d.f. = 5, p < 0 001; eye twitching: H= 15.72,
d.f. = 5, p < 0 01], followed by post hoc Mann–Whitney tests were employed to analyze the data. ∗p < 0 05, ∗∗p < 0 01.
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carotid animals were well below those found in the sham
group treated only with saline solution. This effect could
be the consequence of a higher effect in axonal integrity
produced by Trx1. In this regard, previous studies have
linked Trx1 to a strong protection against axonal damage
in a model of retinal nerve damage [74, 75], as well as to
the regulation of axonal regeneration [76]. The excess of
Trx1 in the system could thus contribute to lower the basal
levels of pNF-H by tipping the balance toward axonal regen-
eration rather than disruption.

Reactive gliosis can be triggered in response to several
CNS pathologies, such as trauma, stroke, and neurodegener-
ative diseases [77]. Following injury, astrocytes proliferate
and their GFAP expression increases [78]. Experimental data
suggest that reactive gliosis can be detrimental for neuroplas-
ticity and regeneration of the CNS. Therefore, the prevention
of reactive gliosis has become an essential issue in the
development of therapeutic interventions [79]. Previous
studies have shown that perinatal hypoxia/ischemia triggers
reactive gliosis in neonatal rats [36, 80]. In this study, we have
shown that hypoxia/ischemia induces the characteristic
reactive gliosis. Sham-treated animals, as well as animals that
were treated with either Grx2 or Trx1 one hour after the
injury, did not develop astrogliosis (Figure 4).

The rat postnatal development is characterized by the
appearance of a series of reflexes and motor skills through
the first three weeks of life [81]. During this period, differ-
ent insults, such as a hypoxic/ischemic event, can affect
the normal development of those reflexes and physical
skills [30, 82–84]. Previous studies have shown that glutamate
neurotoxicity plays a key role in the impairment of the devel-
opment of neurological reflexes andmotor skills [82, 85]. This
excitotoxicity has shown to be most severe in the retina, in
the cortex, and in the hippocampus [82, 85–88]. Moreover,
glutamate excitotoxicity has also been previously linked to
neurobehavioral delays [82, 85]. Interestingly, the bioche-
mical findings of this study showed that both Grx2 and
Trx1 acted in the biomarker reduction associated with the
glutamate excitotoxicity pathway which was increased after
hypoxia/ischemia (Figure 2). In this regard, neurodevelop-
mental analyses have shown that Grx2 treatment was able
to revert the developmental delay presented in the opening
of the eye in carotid pups (Figure 5(a)), while Trx1 adminis-
tration reverted the neurodevelopmental delay presented in
the appearance of the eye twitching reflex (Figure 5(b)).

Both of the thioredoxin family proteins investigated here,
Grx2 and Trx1, have been characterized as crucial for cell
survival under various conditions when expressed intracellu-
larly (summarized, for instance in Holmgren et al. [89] and
Hanschmann et al. [6]). Since Trx1 is known to be secreted
by cells via an unconventional mechanism and to function,
for instance, in the activation of immune cells (summarized
in Nakamura [90]), Trx1 administration has been discussed
as a potential therapeutic strategy against cellular damage
[91]. In fact, the perfusion, but not the inhalation, of recom-
binant human Trx1 protected rat lungs from ischemia-
reperfusion injury [92]. An intravitreous injection of recom-
binant Trx1 was also shown to attenuate the damage pro-
duced to the retina by ischemia and glaucoma, induced

by N-methyl-D-aspartate, which stimulates glutamate
receptors [93]. Both Grxs and Trxs have shown to protect
from dopamine-induced neuronal damage in vitro [94, 95].
Recently, Tian and coworkers demonstrated that treatment
with recombinant Trx1 can improve the neurogenesis via
the regulation of the ERK signaling pathway in mice follow-
ing global cerebral ischemia, improving spatial learning and
memory [22].

In the present study, we have shown that even though
Grx2 and Trx1 are both part of the thioredoxin family of
proteins, they do not necessarily behave in the same manner.
This can be exemplified by the differences observed in
response to Grx2 and Trx1 treatments, regarding HSP70,
PSD95, and pNF-Hmarkers as well as the different outcomes
in the neurodevelopmental evaluation after the treatments.
These differences could be explained through the possible
distinct mechanisms involved in each protein intervention.
In this regard, it is known that Grx2, as part of the glutare-
doxin subfamily, plays a key role in redox-dependent cellular
processes [96]. Particularly, glutaredoxins (Grxs) are able to
reduce both disulfides and mixed disulfides, while they
can be restored by glutathione reductase which is directly
coupled to the GSH/GSSG ratio (the main indicator of
the cell redox state and its redox potential) [97, 98]. Grxs are
also capable of catalyzing S-glutathionylation of proteins (a
key regulatory mechanism of biological processes) [99, 100].
It is generally accepted that Grxs are a key component in
response to an oxidative imbalance through the regulation
of mix disulfides [101, 102]. In addition, due to the mito-
chondrial localization of Grx2, it has been proved that it
prevents apoptosis by avoiding the leak of cytochrome c from
mitochondria and cardiolipin oxidation [89, 103, 104]. By
contrast, Trx1 shows no activity towards mixed disulfides
and it is thought to have a more prominent role in redox reg-
ulation of cell signaling rather than direct participation in
redox-dependent reactions as a consequence of its low levels
in comparison with other endogenous antioxidants, and its
multifunctional role as a cytosolic protein. In this compart-
ment, Trx1 can function as a growth factor and enzyme cofac-
tor and, under different stresses, can translocate to the nucleus
and regulate several transcription factors [96, 105–109].
Taking this data into account, the observed differences in the
measurements performed in the present study could be
associated with the biological processes in which each
redoxin is more important. One could hypothesize that those
processes more related to an imbalance of the redox state
could respond better to a Grx2 treatment, while Trx1 could
be more prominent in processes where it functions as a reg-
ulator of transcription factors.

5. Conclusion

Taken together, the results presented in this study suggest
that the delivery of recombinant Grx2, and to some extend
of Trx1, has the potential to attenuate the severe neurological
damage induced by PA. If not the delivery of these proteins
themselves, a detailed understanding of the underlying redox
regulated signaling pathways, may put in evidence the need
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for new therapeutic strategies to improve CNS recovery after
PA and potentially other stroke associated pathologies.
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Stroke is a leading cause of morbidity and mortality globally. Leonurine (also named SCM-198), a compound extracted fromHerba
leonuri, was effective on the prevention of various cardiovascular and brain diseases. The purpose of this study was to explore the
possible therapeutic potential of SCM-198 against ischemia reperfusion injury and underlying mechanisms. In the in vivo transient
middle cerebral artery occlusion (tMCAO) rat model, we found that treatment with SCM-198 could decrease infarct volume
and improve neurological deficit by protecting against blood-brain barrier (BBB) breakdown. In the in vitro model of cell
oxygen-glucose deprivation and reoxygenation (OGD/R), consistent results were obtained with decreased reactive oxygen species
(ROS) production and maintained the BBB integrity. Further study demonstrated that SCM-198 increased the expression of
histone deacetylase- (HDAC-) 4 which could inhibit NADPH oxidase- (NOX-) 4 and matrix metalloproteinase- (MMP-) 9
expression, resulting in the elevation of tight junction proteins, including claudin-5, occludin, and zonula occluden- (ZO-) 1.
These results indicated SCM-198 protected BBB integrity by regulating the HDAC4/NOX4/MMP-9 tight junction pathway.
Our findings provided novel insights into the protective effects and mechanisms of SCM-198 on ischemic stroke, indicating
SCM-198 as a new class of potential drug against acute onset of ischemic stroke.

1. Introduction

Stroke is a main cause of morbidity and mortality throughout
the world. In the clinic, stroke is divided into two forms:
ischemic stroke which accounts for ~85% and hemorrhagic
stroke, including intracerebral (~10%) and subarachnoidal
(~3%) bleedings [1]. Ischemic stroke is mainly caused by
blockage of the blood vessels, while hemorrhagic stroke by
rupture of blood vessels. Currently, tissue-type plasminogen
activator (tPA) serves as the priority remedy for ischemic
stroke, from which only about 10% patients are suitable
for this therapy. In addition, concerns have been raised
regarding its limited therapeutic time window and safety
issue, which result in less than 5% of clinical efficiency
in patients [1, 2]. Meanwhile, the secondary damage
caused by reperfusion will bring worse results, such as

blood-brain barrier (BBB) breakdown, inflammation, and
postischemic neuronal injury [1].

The BBB is composed of three main elements: brain
microvessel endothelium, astrocyte endfeet, and pericytes,
forming neurovascular unit (NVU). BBB was damaged in
early critical event in ischemia-reperfusion (I/R) which
causes the edema formation, inflammatory cascade, and
ultimately serious outcomes [3]. BBB dysfunction is a pecu-
liar character of many neurological conditions, for instance,
ischemic and hemorrhagic stroke, multiple sclerosis, and
brain tumours [4]. Currently, many researchers focus on
neurons and brain parenchyma, whereas straight BBB
protection has attracted little attention. The results show that
early BBB disruption is the cause rather than the result of
parenchymal cell injury [5]. Mounting evidences have
suggested that brain microvessel endothelium cells (BMECs)
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are the basis of BBB which form a barrier that restricts
diffusion of blood-borne solutes. BMECs play a central role
in maintaining the BBB integrity by tight junctional proteins
(TJs) and caveolin-1 (Cav1)—mediated trans-endothelia
vesicular transport [6–9]. TJs contain occludin, claudins,
junctional adhesion molecules (JAM), and cytoplasm acces-
sory zonula occluden (ZO) proteins. Among them, occludin,
claudin-5, and ZO-1 are widely investigated and considered
as essential factors for BBB integrity. Occludin and claudin-
5 are the transmembrane proteins which are responsible for
fence function and paracellular size selectivity, respectively,
while ZO-1 is in charge of anchoring them to the actin
cytoskeleton [10]. Following subjected to transient middle
cerebral artery occlusion (tMCAO) or oxygen-glucose
deprivation and reoxygenation (OGD/R), loss of BMECs
evoked stress fibre formation and TJ redistribution resulted
in shrinked cell morphology, enhancing permeability of
BBB. Targeting the BMEC structural changes could prevent
BBB insult and secondary tissue injury [6]. As to Cav1, a
recent study revealed that transcellular mechanisms medi-
ated by Cav1 do not exert a predominant role up to 24 h after
ischemia induced BBB breakdown [9]. So we chose bEnd.3
(brain microvascular endothelial cell line) in our experiment.
And we determined the effect of SCM-198 on BBB integrity
by TJs.

Recently, a lot of attention has been focused on Leonur-
ine which also named SCM-198. As we know, SCM-198 is a
unique single compound existed only in Herba leonuri,
which is widely used in gynecology. Previous research sug-
gested SCM-198 could improve antioxidant capacity of
myocardium, promote angiogenesis in ischemic myocar-
dium, and ameliorate endothelial dysfunction caused by
hyperlipidemia [11, 12]. SCM-198 was surprisingly found
to be effective in permanent MCAO stroke models via mod-
ulating mitochondrial functions [13], which prompted us to
further explore its possible therapeutic potential in more
dangerous tMCAO models. Therefore, we investigated the
protective effects of SCM-198 in both tMCAO rat model
and OGD/R cell model. Furthermore, we addressed new
mechanisms that contribute to the protective effects of
SCM-198 and whether they occur via maintaining BBB
functioning and permeability.

2. Materials and Methods

2.1. Materials. Antibodies were obtained from the following
commercial sources: Matrix metalloproteinase- (MMP-) 9
and histone deacetylase- (HDAC-) 4 (Cell Signaling Tech-
nology), claudin-5 and ZO-1 (Invitrogen), occludin, the nic-
otinamide adenine dinucleotide phosphate oxidase- (NOX-)
4, and GAPDH (Proteintech), and rhodamine phalloidin
was obtained from Cytoskeleton. GKT137831 and Tasqui-
nimod (Taq) was from selleck. Lactate dehydrogenase
(LDH) activity assay kit was bought from Beyotime Insti-
tute of Biotechnology. Cell counting kit 8 (CCK8) was
from Dojindo. 2,3,5-Triphenyltetrazolium chloride (TTC),
2′,7′-dichlorofluorescin diacetate (DCFH-DA), diphenyle-
neiodonium (DPI), fluorescein isothiocyanate- (FITC-)

labeled dextran, and other chemical reagents were from
Sigma-Aldrich.

2.2. Animal Treatment and Model. The experiment protocol
was approved by the institutional ethical committee with
internationally accepted ethical standards. All protocols and
animal handling were performed in accordance under the
guidelines of National Institutes of Health Guide for the Care
and Use of Laboratory Animals. Hundred male Sprague-
Dawley (SD) rats were supplied by the Laboratory Animal
Center, Fudan University. Rats weighing 180–220 g were
housed with food and water ad libitum under diurnal lighting
condition. Rats were anaesthetized with chloral hydrate
(300mg/kg, intraperitoneally) as our standard protocol.

Briefly, we performed the surgery as described previously
[14]. 90 minutes later, we withdrew the filament to cause the
reperfusion injury. At different time point of MCAO and
reperfusion, occlusion was confirmed by laser Doppler
imaging system (Moor Instruments, USA) to monitor cere-
bral blood flow (CBF).

All the animals mentioned above were randomly divided
into five groups: control operation group, tMCAO group
treated with saline, vehicle group with Edaravone (3mg/
kg/day) for tMCAO [15], and treatment groups which
were posttreated (0.5 h and 2h after operation) with
SCM-198 (15mg/kg/day in normal saline). All the drugs
were given intravenous injection once daily for 3 days.

2.3. Measurement of Infarct Volume and Brain Swelling after
Ischemia-Reperfusion. The TTC staining assay is one of the
most common methods to measure infarct volume which
was measured as previously described [16]. At the third
day after I/R, animals were anesthetized with chloral
hydrate (300mg/kg, i.p.) and decapitated. Rat brains were
immediately removed and then dissected into 2mm-thick
coronal slices using a brain slice matrix. Then the slices
were stained with TTC solution (1% TTC in PBS) at
37°C for 15min then photographed. Infarct sizes were
quantified using ImageJ software. The relative infarction
volume percentage (RIVP) was calculated as following
equation: RIVP = IVA/TA × 100%, where IVA and TA
were infarcted area and total area of the coronal sec-
tions, respectively.

The cerebral edema volume was also measured. Edema
volume= ([volume of ipsilateral hemisphere− volume of
contralateral hemisphere]/volume of contralateral hemi-
sphere)× 100% [17].

2.4. Behavioral Evaluation. To evaluate neuronal function
impairment after ischemic stroke insult, a neurological deficit
grading system with a scale of zero to 5 was carried out on all
of the animals as described previously [18].

2.5. Brain Water Content. Three days after tMCAO, rats
were anesthetized by 10% chloral hydrate. The brains were
removed and separated into contralateral and ipsilateral
hemisphere. The wet weight of ipsilateral hemisphere was
recorded immediately. After dried at 50°C for 48 hours,
the dry weight of these samples were obtained by an elec-
tronic analytical balance. The formula for calculating brain
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water content (BWC) was as follows: (wet weight−dry
weight)/wet weight× 100% [19].

2.6. Evaluation of Blood-Brain Barrier Integrity. The effect of
SCM-198 on BBB permeability was assessed by Evans blue
(EB) test [20]. EB dye (80mg/kg) in phosphate-buffered
saline (PBS; pH 7.4) was injected into tail vein and allowed
to circulate for 24 h. Then rats were anesthetized with chloral
hydrate, and transcardially perfused with PBS, the brains
were removed and divided into the right and left hemi-
spheres. The left hemispheres were weighed and placed in
50% trichloroacetic acid solution to precipitate protein. The
supernatant was diluted 4-fold with ethanol. The EB dye
was measured by a microplate fluorescence reader (excitation
620nm, emission 680nm). We also measured the cerebral
edema volume. Edema volume= ([volume of ipsilateral
hemisphere− volume of contralateral hemisphere]/volume
of contralateral hemisphere)× 100% [21].

2.7. bEnd.3 Cell Culture and Treatment. Mouse bEnd.3 cell
was bought from American Type Culture Collection
(ATCC). Cells were cultured with Dulbecco’s modified Eagle
medium (DMEM, Hyclone, USA), supplemented with 10%
fetal bovine serum (FBS, Hyclone, USA) and 100μg/ml
penicillin/streptomycin (Gibco), and cultured at 37°C con-
taining 5% CO2 and 95% O2. All the cells used in the
experiments were performed from passages 2 to 10.

To mimic ischemic-like conditions in vitro, bEnd.3 cells
were exposed to OGD as we described previously [22]. In
brief, the cells were washed with PBS three times then
replaced with serum- and glucose-free medium (Invitrogen).
The cells were placed in a Biospherix incubator chamber
(ProOx C21, USA), which was flushed with 95% N2 and 5%
CO2 for 6 h then transferred to 95% air, 5% CO2, and contin-
ued to be cultured in glucose-containing medium for 4 h each
time. Control cells were cultured with norm-oxygenated and
glucose-containing medium for the same period of time in
normal condition. The cells were divided into five groups:
control, OGD, and cells treated with SCM-198 (0.1μM,
1μM, and 10μM) 2h before OGD. The inhibitors were
added 1h before OGD until the end of the experiment.

2.8. Cellular Viability. Cell viability was determined using the
CCK8 assay in accordance with the manufacturer’s instruc-
tions [23]. In briefly, cells were seeded into 96-well plate at
a density of 1.0× 104 cells/well and cultured for 24 h, and
then 10μl CCK-8 solution was added to each well after reper-
fusion and incubated for 1 h. The absorbance was measured
at 450nm for each well using a multiwell spectrophotometer.
The experiment was performed in triplicate.

2.9. Lactate Dehydrogenase Assay. LDH activity was detected
using a LDH activity assay kit according to the manufac-
turer’s instructions [24]. Absorbance values were mea-
sured at 490 nm with a reference wavelength of 655nm,
using a 96-well microplate reader (Tecan Systems Inc.,
Oberdiessbach, Switzerland). The experiment was repeated
at least three times.

2.10. Reactive Oxygen Species Measurement. The amount of
intracellular ROS was measured by the change of fluores-
cence resulting from oxidation of DCFH-DA, a membrane-
permeable fluorescent probe [23]. After treated with
SCM-198 for 2 h and OGD/R injury, cells were washed in
PBS and incubated with 10μM of DCFH-DA for 30min at
37°C in the dark. The cells were washed with serum-free
DMEM to remove the free molecules of the dye. The fluores-
cence of intracellular ROS was detected by both fluorescence
microscopy (Zeiss, Oberkochen, Germany) and microplate
reader (TecanSystems Inc., Oberdiessbach, Switzerland).

2.11. Measurement of BBB Permeability In Vitro. Then we
tested the putative function of SCM-198 in regulating the
in vitro BBB permeability as previously described [25]. The
bEnd.3 cells were seeded on 24-well transwell polycarbonate
insert filters (diameter: 24mm; pore size: 3μm; BD, USA)
at a confluent density of 2× 105 cells/cm2 and incubated
for 2 days. At 1 h before the end of the reoxygen period,
solutions of FITC-labeled dextran solution were added to
the apical chamber. The fluorescence intensity of FITC-
dextran was detected at the excitation wavelength of
485 nm and the emission wavelength of 520 nm with a
microplate reader (Tecan Systems Inc., Oberdiessbach,
Switzerland). All samples were performed in triplicate.

2.12. Lentivirus Production and Transduction. Lentiviral
plasmids and packaging plasmids were cotransfected into
HEK293 cells to generate lentivirus by lipofectamine
2000 (Life Technologies) according to the manufacturer’s
instructions. The recombinant virus-containing medium
was collected 72 h after transfection, and then the media
was centrifuged at 5000g for 30min to remove cell debris;
at last, the supernatants were concentrated by PEG-it virus
precipitation solution (SBI, USA) to obtain virus particles.
After the bEnd.3 cells reached 60–70% confluence, the
abovementioned lentiviral particles were used to trans-
ducer at a multiplicity of infection (MOI) of 50. The cells
were used for the next experiment until at least 80%. The
overexpression of adenovirus of HDAC4 was obtained
from Gene Pharma (Shanghai, China). The efficiency of
transduction was evaluated by the rate of GFP-positive cell
number counted under a fluorescent microscope (Leica,
Wetzlar, Germany).

2.13. Western Blot. Western blot analyses were performed
as previously described [11]. The frozen tissues were cut
into small pieces and homogenized in RIPA buffer and
then centrifuged at 12,000g for 10min at 4°C to separate
soluble from insoluble fractions. Equal amounts of proteins
for each group mixed with loading buffer were separated by
10% SDS-polyacrylamine gel and transferred to nitrocellu-
lose filter membranes.

Each membrane was incubated with specific antibodies
as follows: MMP-9, ZO-1, occludin, claudin-5, HDAC4,
NOX4, and GAPDH. Immunoreactive proteins were visual-
ized using the ECL western blotting detection kit (Thermo
Fisher Scientific Inc., Boston, USA), according to the manu-
facturer’s instructions. To measure the expression of each
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protein, the relative intensity was calculated by compar-
ing with the intensity of GAPDH using densitometry
(Bio-Rad, USA).

2.14. Real-Time RT-PCR. The total RNA was isolated from
the brain cortex and striatum using TRIzol Reagent (Takara,
Japan) as described in the manufacturer’s instructions. After
quantifying the amount of extracted total RNA, 500ng
template RNA was reversely transcribed to single-stranded
cDNA with a Prime Script 1st strand cDNA synthesis kit
(Takara, Japan) according to the manufacturer. Real-time
PCR was performed on a BIO-RA- D IQ5 system (Bio-Rad,
USA). The relative differences in gene expression between
groups were expressed using cycle time (Ct) values. Briefly,
the Ct values of the interested genes were first normalized
with GAPDH of the same sample and then the relative differ-
ences between control and treatment groups. The primer
sequences that were used in the real-time PCR analyses
were provided in Supplementary Table 1 available online
at https://doi.org/10.1155/2017/7150376.

2.15. Immunofluorescent Staining. Immunofluorescence was
assessed as described earlier [26]. Following reoxygenation
for 4 h, cells were washed with PBS and fixed in 4% para-
formaldehyde for 30min at room temperature, then
washed with PBS 3 times. After permeabilizing with 0.1%
Triton X-100, cells were blocked with 3% BSA for 30min.
Subsequently, the cells were incubated at 4°C overnight
with the primary antibodies as follows: ZO-1 and occludin.
After washing off the primary antibodies, the cells were
incubated with Alexa Fluor 488- or 568-conjugated second-
ary antibodies (1 : 500, Thermo Fisher Scientific) at room
temperature for 1 h. Following three times of PBS washes,
the cell nuclei were stained using 4′,6-diamidino-2-phenylin-
dole (DAPI, Beyotime).

To stain the F-actin stress fibres, cells were exposed
to rhodamine phalloidin (1 : 50, Cytoskeleton) for 20min,
DAPI for staining the nuclei. Fluorescence staining was
viewed with a laser scanning confocal microscope (Zeiss,
Oberkochen, Germany).

2.16. Statistical Analysis. GraphPad Prism 5.0 software was
used for analysis. Every two groups were compared by 1-
way ANOVA with Tukey’s post hoc test for P values.
The Mann–Whitney U test was used for the statistical
analysis of neurological deficits. All values are expressed
as mean± SEM. Values of p < 0 05 were considered to
state statistical significance.

3. Results

3.1. SCM-198 Ameliorated Ischemia-Reperfusion Injury. To
test the therapeutical effect of SCM-198 on I/R, rats were sub-
jected to 90min of ischemia followed by 72 h of reperfusion.
We set three time points to determine the therapeutic win-
dow: treatment at 0.5, 2, and 6h postreperfusion. The brain
infarct size was examined by TTC staining (Figure 1(a)),
and we found that I/R markedly increased the infarct volume
approximately up to 38.00 ±8.10%, while postinjection of
SCM-198 could significantly decrease the infarct volume

(F (4, 31) = 35.04, P < 0 0001, Figure 1 (b)), notably at
0.5 h after reperfusion which was 13.13 ±4.42%. SCM-198
revealed better protective effect against infarct volume than
Edaravone which decreased the infarct volume only to
20.14 ±8.86%. As neurological deficit caused by ischemia
stroke is another big consequence, we observed and scored
the behavior at 24, 48, and 72h postsurgery. Compared
with the tMCAO group, the neurological scores of treat-
ment with SCM-198 and edaravone were significantly
decreased at corresponding day (Figures 1(c)–1(e)). More-
over, we explored that treatment with SCM-198 at 0.5 h
after surgery had the best effect. We also examined 6 h
treatment after I/R, but there was no evident effect (data
not shown). From the above results, we could safely con-
clude that SCM-198 improved neurological deficit, as well
as decreased infarct volume.

3.2. The Effect of SCM-198 on BBB Breakdown.We know that
stroke develops various damages to BBB integrity leading to
the swell of brain tissue. Therefore, protection of BBB
function can be a crucial aspect for reducing ischemic injury.
To confirm the further mechanism of SCM-198 on stroke, we
decided to focus on the protective effect against BBB break-
down. EB dye is always used as a marker of albumin effluxion
to evaluate BBB permeability. EB can easily permeate the
BBB after brain insult by I/R. We used EB to detect whether
SCM-198 could maintain the intact BBB. Representative
photos of EB dye in rat brain tissues are shown in
Figure 1(f). We compared EB leakage in the ipsilateral
hemisphere among all groups. SCM-198 could drastically
reduce EB leakage when compared with the tMCAO group
(Figure 1(f)). Treatment with SCM-198 at 2 h and 0.5 h
after ischemic stroke markedly diminished EB leakage
(Figure 1(f)). The quantitative analysis of EB leakage after
I/R is shown in Figure 1(g) (F (3, 39) = 59.33, P < 0 0001).
Correspondingly, SCM-198 could decrease the brain edema
volume (F (3, 20) = 29.14, P < 0 0001, Figure 1(h)) and water
content in the ipsilateral hemisphere subjected with I/R
injury (F (3, 52) = 18.06, P < 0 0001, Figure 1(i)). These
results suggested that SCM-198 may offer the protection
against onset of BBB leakage.

3.3. SCM-198 Decreased the Degradation of Tight Junctions in
Ischemic Brain. As we know, the cortex and striatum are the
most sensitive to reperfusion, so we divided the brain into
peri-ischemic region in the cortex and striatum. I/R causes
the degradation of TJs, such as ZO-1 and occludin, which
results in the loss of BBB function [27]. We examined the
mRNA and protein levels of ZO-1 and occludin in the
peri-ischemic region and striatum of rat brains. Their pro-
tein and mRNA levels, in both peri-ischemic region and
striatum, were sharply decreased after I/R injury, while
SCM-198 could dramatically restore the degradation
(Figure 2(a); F (3, 12) = 18.65, P < 0 0001, Figure 2(b); F
(3, 22) = 38.22, P < 0 0001, Figure 2(c); Figure 2(d); F (3, 8) =
8.228, P = 0 0079, Figure 2(e); F (3, 16) = 17.23, P < 0 0001,
Figure 2(f); F (3, 6) = 25.11, P = 0 0009, Figure 2(g); F
(3, 8) = 7.631, P = 0 0099, Figure 2(h); F (3, 8) = 10.04,
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P = 0 0044, Figure 2(i); F (3, 8) = 9.389, P = 0 0053,
Figure 2(j)).

The TJs are reportedly degraded in I/R mainly byMMP-9
[28, 29] which is the predominant protease involving in BBB
disruption following ischemic stroke [30]. It is also reported

that MMP-9 is upregulated after ischemia and influences
the delayed BBB opening which contributes to the irrevers-
ible increase in BBB permeability. So we speculated that
SCM-198 may offer a protection through inhibiting the
expression of MMP-9. The results confirmed our conjecture,

SCM-198

Control tMCAO 2 h 0.5 h Edaravone

(a)

C
on

tro
l 

50

⁎

⁎

40

In
fa

rc
t v

ol
um

e
(%

 h
em

isp
he

re
)

30

20

10

0

tM
CA

O
 

SC
M

-1
98

 (2
 h

) 

SC
M

-1
98

 (0
.5

 h
) 

Ed
ar

av
on

e 

⁎

#

(b)

4

3

2

N
eu

ro
lo

gi
ca

l d
efi

ci
t s

co
re

1

0

tM
CA

O

SC
M

-1
98

 (2
 h

)

SC
M

-1
98

 (0
.5

 h
)

Ed
ar

av
on

e

24 h

⁎ ⁎

(c)

4 48 h

3

2

1

0

N
eu

ro
lo

gi
ca

l d
efi

ci
t s

co
re

⁎

⁎

tM
CA

O

SC
M

-1
98

 (2
 h

)

SC
M

-1
98

 (0
.5

 h
)

Ed
ar

av
on

e

(d)

72 h
N

eu
ro

lo
gi

ca
l d

efi
ci

t s
co

re
4

3

2

1

0

tM
CA

O

SC
M

-1
98

 (2
 h

)

SC
M

-1
98

 (0
.5

 h
)

Ed
ar

av
on

e

⁎

⁎

⁎

(e)

SCM-198

Control tMACO 2 h 0.5 h

(f)

C
on

tro
l 

2.0

1.5

1.0

Ev
an

s b
lu

e l
ea

ka
ge

 (𝜇
g/

g)

0.5

0.0

tM
CA

O
 

SC
M

-1
98

 (2
 h

) 

SC
M

-1
98

 (0
.5

 h
) 

⁎

⁎

#

(g)

C
on

tro
l 

20

15

10

5

0Pe
rc

en
t o

f c
on

tr
al

at
er

al
 h

em
isp

he
re

tM
CA

O
 

SC
M

-1
98

 (2
 h

) 

SC
M

-1
98

 (0
.5

 h
) 

#

⁎ ⁎

(h)

C
on

tro
l 

0.05

0.04

0.03

0.02

0.01

0.00

Br
ai

n 
w

at
er

 co
nt

en
t (

g)

tM
CA

O
 

SC
M

-1
98

 (2
 h

) 

SC
M

-1
98

 (0
.5

 h
) 

⁎⁎

#

(i)

Figure 1: Posttreatment with SCM-198 significantly protected against the damage induced by tMCAO. The rats were subjected to 90min
MCAO before reperfusion. SCM-198 decreased the infarct volume and improved neurological scores. (a) Representative pictures of
coronal sections from ischemic rat brain stained with TTC. (b) The quantitative analysis of the number of infarct size. F (4, 31) = 35.04,
P < 0 0001. (c–e) Neurological function was ameliorated by SCM-198 after ischemia reperfusion. Values are expressed as mean± SEM.
#p < 0 05 versus the control group, ∗p < 0 05 versus the tMCAO group, n = 8. Posttreatment with SCM-198 maintained BBB integrity.
(f, g) At the end of treatment, the Evans blue dye was injected into the vein following 24 h circulation. (f) Representative pictures of
coronal sections from rat brain stained with Evans blue dye after ischemic reperfusion. (g) The quantitative analysis of Evans blue
leakage after ischemia reperfusion, F (3, 39) = 59.33, P < 0 0001. Edema volume ((h), F (3, 20) = 29.14, P < 0 0001) and water content
((i), F (3, 52) = 18.06, P < 0 0001) were decreased by SCM-198 after ischemia reperfusion. Values are expressed as mean± SEM.
#p < 0 05 versus the control group, ∗p < 0 05 versus the tMCAO group, n = 6.
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Figure 2: Continued.
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western blot (Figure 3(a); F (3, 9) = 38.73, P < 0 0001,
Figure 3(b); Figure 3(d); F (3, 10) = 14.65, P = 0 0005,
Figure 3(e)), and real-time RT-PCR assays (F (3, 8) =
85.85, P < 0 0001, Figure 3(c), F (3, 8) = 42.11, P < 0 0001,
Figure 3(f)) revealed that MMP-9 levels were evoked in
the peri-ischemic region and striatum in tMCAO group,
and SCM-198 treatment after surgery could remarkably
reduce the expressions of MMP-9.

NOX4 and HDAC4 involve in mediating BBB perme-
ability, and their expressions are changed by I/R [2, 31].
To determine whether SCM-198 affected expressions of
NOX4 and HDAC4, the protein levels were tested in the
peri-ischemic region and striatum. Figure 3 (Figure 3(g);
F (3, 15) = 51.79, P < 0 0001, Figure 3(h); F (3, 8) = 31,
P < 0 0001, Figure 3(i); Figure 3(j); F (3, 11) = 24.47,
P < 0 0001, Figure 3(k); F (3, 8) = 14.09, P = 0 0015,
Figure 3(l)) suggested that I/R caused loss of HDAC4
but increase of NOX4 in both regions of the brain; treatment
with SCM-198 enhanced the protein level of HDAC4 and
inhibited the expression of NOX4. These results indicated
that SCM-198 had a pivotal role in supporting BBB
maintenance in vivo.

In order to confirm the protective action of SCM-198
against BBB breakdown and find out how SCM-198 exerted
its effect, we used the OGD/R cell model for the further study.

3.4. SCM-198 Provided Protective Effect against OGD/R
Insult. To clarify the mechanisms of the effect of SCM-198
on BBB disruption, we took an in vitro BBB model on bEnd.3
cell line followed OGD for 6 h and reoxygenation for 4 h.
Meantime, we examined the expression of HIF-α to confirm
the success of this model (Supplementary Figure 1). The cell
viability was determined 4h after reoxygenation by the CCK8
method. Results revealed that cell death in OGD/R group
was significantly increased compared with the control
group (F (3, 14) = 12.57, P = 0 0003, Figure 4(a)). Pretreat-
ment with different concentrations of SCM-198 had a

dose-dependent protective effect, especially the 10μM group
which could increase the cell viability from 24.49± 5.84% to
55.24± 5.95%. At the same time, LDH assay was used for
assessing cytotoxicity. We found that OGD/R under our
condition increased LDH leakage into the cell culture
media compared with the control group (p < 0 05). And
SCM-198 treatment could markedly decrease the LDH
release (F (3, 4) = 39.25, P = 0 002, Figure 4(b)). These
results indicated that SCM-198 provided protection against
OGD/R injury.

3.5. SCM-198 Decreased ROS Production in bEnd.3 Cell Line.
We detected OGD/R-induced ROS production by DCF-
DA reagent, a fluorescent probe used for visualizing ROS.
OGD/R enriched DCF-DA-positive cells compared with
the control group (p < 0 05). SCM-198 notably cut ROS
generation and reduced the positive cell number in a
concentration-dependent manner compared with the OGD/
R group. There was no apparent difference between the
SCM-198 treatment group and control group (Figure 4(d)).
We also calculated the fluorescent intensity by microplate
reader. The graph showed that SCM-198 significantly
decreased the fluorescent intensity compared with the
OGD/R group (F (4, 12) = 43.35, P < 0 0001, Figure 4(c)).

3.6. SCM-198 Maintained the BBB Integrity In Vitro. FITC-
dextran is always used as a fluorescent tracer for evaluating
BBB TJ function. Under physiological conditions, due to
BBB, the endothelial membrane is impermeable for macro-
molecules to cross the barrier. But when the cell is subjected
to OGD/R injury, FITC-dextran flux observably increased,
which indicated disruption of the barrier. SCM-198 reduced
the flux of FITC-dextran, suggesting SCM-198 could
maintain the integrity of BBB in vitro (F (4, 10) = 6.671,
P = 0 007, Figure 5(a)).

Western blots showed that TJ proteins, claudin-5,
occludin, and ZO-1 were dramatically degraded in the
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Figure 2: SCM-198 protected against TJ degradation induced by cerebral ischemic reperfusion. (a, d) Western blots of peri-ischemic region
and striatum tissues in the tMCAO model showed increased the loss of occludin and ZO-1 levels, but reversed by SCM-198 treatment.
GAPDH was used as the loading control. (b-c, e-f) The quantitative analysis occludin and ZO-1 levels were calculated and expressed
relative to control. F (3, 12) = 18.65, P < 0 0001, Figure 2(b); F (3, 22) = 38.22, P < 0 0001, Figure 2(c); F (3, 8) = 8.228, P = 0 0079,
Figure 2(e); F (3, 16) = 17.23, P < 0 0001, Figure 2(f). (g–j) Posttreatment with SCM-198 at 2 h and 0.5 h after reperfusion notably
improved occludin and ZO-1 mRNA expression. SCM-198 revealed significantly protection. F (3, 6) = 25.11, P = 0 0009, Figure 2(g);
F (3, 8) = 7.631, P = 0 0099, Figure 2(h); F (3, 8) = 10.04, P = 0 0044, Figure 2(i); F (3, 8) = 9.389, P = 0 0053, Figure 2(j). Values are
expressed as mean± SEM. #p < 0 05 versus the control group, ∗p < 0 05 versus the tMCAO group, n = 4.

7Oxidative Medicine and Cellular Longevity



Peri-ischemic regions

SCM-198

Control tMCAO 2 h 0.5 h

MMP-9

GAPDH

92 kDa

36 kDa

(a)

4

#

⁎
⁎

M
M

P-
9 

pr
ot

ei
n 

ex
pr

es
sio

n
(p

er
i-i

sc
he

m
ic

 re
gi

on
s)

3

2

1

0

C
on

tro
l

tM
CA

O

SC
M

-1
98

 (2
 h

) 

SC
M

-1
98

 (0
.5

 h
) 

(b)

#

⁎ ⁎

C
on

tro
l

tM
CA

O

SC
M

-1
98

 (2
 h

) 

SC
M

-1
98

 (0
.5

 h
) 

20

15

10

5

0Re
lat

iv
e m

RN
A

 le
ve

l o
f M

M
P-

9
(p

er
i-i

sc
he

m
ic

 re
gi

on
s)

(c)

MMP-9

GAPDH

92 kDa

36 kDa

Striatum
SCM-198

Control tMCAO 2 h 0.5 h

(d)

#

⁎
⁎

M
M

P-
9 

pr
ot

ei
n 

ex
pr

es
sio

n
(s

tr
ia

tu
m

)

15

10

5

0

C
on

tro
l

tM
CA

O

SC
M

-1
98

 (2
 h

) 

SC
M

-1
98

 (0
.5

 h
) 

(e)

Re
lat

iv
e m

RN
A

 le
ve

l o
f M

M
P-

9
(s

tr
ia

tu
m

)

30

20

10

0

#

⁎
⁎

C
on

tro
l

tM
CA

O

SC
M

-1
98

 (2
 h

) 

SC
M

-1
98

 (0
.5

 h
) 

(f)

140 kDa

70 kDa

36 kDa

Peri-ischemic regions
SCM-198

Control tMCAO 2 h 0.5 h

HDAC4

NOX4

GAPDH

(g)

H
D

AC
4 

pr
ot

ei
n 

ex
pr

es
sio

n
(p

er
i-i

sc
he

m
ic

 re
gi

on
s)

C
on

tro
l

tM
CA

O

SC
M

-1
98

 (2
 h

) 

SC
M

-1
98

 (0
.5

 h
) 

#

⁎ ⁎

1.5

1.0

0.5

0.0

(h)

Figure 3: Continued.
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OGD/R group. This reduction of TJs may interpret the vast
increase in barrier permeability. But SCM-198 could signally
reverse the degradation of TJs (Figure 5(b); F (4, 10) = 133.1,
P < 0 0001, Figure 5(c); F (4, 14) = 26.32, P < 0 0001,
Figure 5(d); F (4, 14) = 22.99, P < 0 0001, Figure 5(e)). The
results were confirmed by real-time RT-PCR, and the
mRNA expressions of claudin-5, occludin, and ZO-1 were
markedly reduced at 4 h post-OGD/R. SCM-198 prevented
the reduction of these three proteins (F (4, 10) = 7.764,
P = 0 0041, Figure 5(f); F (4, 15) = 5.983, P = 0 0044,
Figure 5(g); F (4, 21) = 12.70, P < 0 0001, Figure 5(h)).
Immunofluorescence analysis also showed that OGD/R
weakened occludin and ZO-1 expression when compared
with intact ZO-1 and occludin in the control group.
But the loss of ZO-1 and occludin was recovered after
treatment with SCM-198 (Figure 5(i)). According to the
above findings, we also found abundant linear stress fibre
formation, which accounts for cell contraction and hyper-
permeability [32–35], which was stained by rhodamine
dye after OGD/R (Figure 5(i)).

These data manifested that OGD/R touched off robust
loss of occludin, claudin-5, and ZO-1 while SCM-198 could
improve the expressions. These results were consistent with
the findings in vivo.

3.7. SCM-198 Ameliorated BBB Injury via Enhancing
HDAC4. To identify whether the signals causing BBB
damage in vivo also occur in cell model in vitro, we mea-
sured the protein and mRNA levels of HDAC4, NOX4,
and MMP-9. In the OGD/R group, both protein and
mRNA levels of HDAC4 were notably reduced (Figures 6(a),
6(b), and 6(e)), while NOX4 and MMP-9 were signifi-
cantly increased after reoxygenation (Figures 6(a), 6(c),
6(d), 6(f), and 6(g)). Consistent with the results in vivo,
SCM-198 could exert the protection by enhancing the
expression of HDAC4 and inhibiting the expression of
NOX4 and MMP-9 (Figure 6(a); F (4, 12) = 20.46,
P < 0 0001, Figure 6(b); F (4, 19) = 20.6, P < 0 0001,
Figure 6(c); F (4, 10) = 34.23, P < 0 0001, Figure 6(d); F
(4, 10) = 9.474, P = 0 002, Figure 6(e); F (4, 10) = 7.831,
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Figure 3: SCM-198 mediated the expression of MMP-9, NOX4, and HDAC4 in tMCAO rat. Reperfusion increased the loss of HDAC4
and the expression of MMP-9 and NOX4 in both peri-ischemic region and striatum tissues of the brain. (a–c) Reperfusion exacerbated
the protein and mRNA expression of MMP-9 in peri-ischemic regions. SCM-198 significantly inhibited MMP-9 mRNA expression in
the cortex. F (3, 9) = 38.73, P < 0 0001, Figure 3(b); F (3, 8) = 85.85, P < 0 0001, Figure 3(c). (d–f) Reperfusion improved the protein and
mRNA expression of MMP-9 in the striatum. SCM-198 inhibited MMP-9 mRNA expression in the striatum. F (3, 10) = 14.65,
P = 0 0005, Figure 3(e); F (3, 8) = 42.11, P < 0 0001, Figure 3(f); (g–l) Reperfusion increased the loss of HDAC4 and the expression
of NOX4 in both peri-ischemic region and striatum tissues of the brain. GAPDH was used as the loading control. F (3, 15) = 51.79,
P < 0 0001, Figure 3(h); F (3, 8) = 31, P < 0 0001, Figure 3(i); F (3, 11) = 24.47, P < 0 0001, Figure 3(k); F (3, 8) = 14.09, P = 0 0015,
Figure 3(l). Values are expressed as mean± SEM. #p < 0 05 versus the control group, ∗p < 0 05 versus the tMCAO group, n = 4.
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P = 0 004, Figure 6(f); F (4, 10) = 39.81, P < 0 0001,
Figure 6(g)). These results suggested that SCM-198 could
also exhibit protective effect on BBB integrity in vitro by
regulating the expression of HDAC4, NOX4, and MMP-9.

HDAC4 and NOX4 are two proteins which exist in the
same signaling pathway, but the regulative relationship
between HDAC4 and NOX4 is not clear. To explored
whether HDAC4 was responsible for the expression of
NOX4, we used adenovirus or specific inhibitor Taq to
overexpress or inhibit HDAC4 in bEnd.3 cells and then
exposed these cells to OGD/R. Western blot results revealed
that overexpression of HDAC4 by adenovirus inhibited
the increase of NOX4 (Supplementary Figure 2A-B), while
Taq further increased the expression of NOX4 at 0.2μM
(Supplementary Figure 2C). On the other hand, overexpres-
sion of NOX4 by lentivirus or inhibition of NOX4 with DPI
and GKT137831 could not influence the expression of
HDAC4 (Supplementary 3). Therefore, we speculated that
HDAC4 could inhibit the expression of NOX4 under our
OGD/R condition.

Next, we examined whether HDAC4 was involved in the
regulation of BBB integrity. The results showed that Taq
enhanced the ROS formation (F (4, 14) = 9.319, P = 0 0007,
Figure 6(h)) and increased the protein and mRNA levels of
NOX4 and MMP-9 in bEnd.3 cells (Figure 7(a), F (4, 15) =
13.24, P < 0 0001, Figure 7(b); F (4, 13) = 28.16, P < 0 0001,
Figure 7(c); F (4, 10) = 43.70, P < 0 0001, Figure 7(d);
F (4, 10) = 27.45, P < 0 0001, Figure 7(e); F (4, 10) = 50.05,
P < 0 0001, Figure 7(f); F (4, 10) = 8.332, P = 0 0032,
Figure 7(g); F (4, 10) = 39.14, P < 0 0001, Figure 7(h)).
Furthermore, Taq abolished the protection of HDAC4 on
BBB integrity by decreasing the expression of TJ protein

and mRNA such as claudin-5, occludin, and ZO-1
(Figures 7(a) and 7(d)–7(f), F (4.10) = 401, P < 0 0001,
Figure 7(i); F (4.10) = 144.9, P < 0 0001, Figure 7(j);
F (4.10) = 39.03, P < 0 0001, Figure 7(k)). Treatment with
SCM-198 reduced the ROS production (Figure 6(h)) and
the overexpression of NOX4 and MMP-9 induced by Taq
(Figures 7(a)–7(c) and 7(g)-7(h)). Similarly, treatment with
SCM-198 increased the mRNA and protein levels of these
TJ proteins (Figures 7(a), 7(d)–7(f), and 7(i)–7(k)). Together
these results indicated that SCM-198 may exert the protec-
tion effect on BBB through enhancing the expression of
HDAC4 which could regulate NOX4 and MMP-9.

4. Discussion

In this article, we used classic tMCAO rat model in vivo
and reperfusion post-OGD cell model in vitro to explore
the potential of SCM-198 as a therapeutic approach for
reperfusion-induced BBB disrupture. We found that SCM-
198 significantly decreased infarct volume and ameliorated
neurological deficit in the tMCAO model. Moreover, SCM-
198 could also reduce the cell injury caused by OGD/R
in vitro. Further study about the mechanism demonstrated
that HDAC4 could inhibit the expression of NOX4 and
MMP-9 and then improve TJ levels, therefore protect against
BBB breakdown. In conclusion, we first revealed that
HDAC4 was involved in regulating BBB integrity and
SCM-198 had the protective effects against BBB leakage
through enhancing the expression of HDAC4.

The brain suffers from ischemia-induced vast loss of
oxygen and nutrient leading to tissue damage, especially
the cortex and striatum regions [36], and reperfusion
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Figure 4: SCM-198 protected against ischemia-like injury in the in vitro BBB model. bEnd.3 cell line was exposed to 6 h of OGD followed
by 4 h reperfusion after treated with different concentrations of SCM-198. (a) OGD/R markedly increased cell death, SCM-198
dose-dependently improved the cell viability, F (3, 14) = 12.57, P = 0 0003. (b) SCM-198 reduced the LDH leakage in the supernatant after
OGD/R, F (3, 4) = 39.25, P = 0 002. (c) The fluorescence intensity of intracellular ROS, F (4, 12) = 43.35, P < 0 0001. (d) OGD/R produced
abundant ROS in the cells, while SCM-198 significantly reduced the ROS formation, scale bar = 10μm. Values are expressed as
mean± SEM. #p < 0 05 versus the control group, ∗p < 0 05 versus the OGD group, n = 3.
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exacerbates this insult because of the fresh oxygen [1].
We found that both cortex and striatum regions in the
tMCAO animals appeared plenty of infarct volume,
approximately 40% of the whole brain (Figures 1(a) and
1(b)). SCM-198 and Edaravone could significantly reduce
the infarct area and reduce neurological deficit scores

(Figures 1(c) and 1(e)). Furthermore, treatment with
SCM-198 at 0.5 h postsurgery revealed better therapeutic
effect on infarct area and neurological deficit score than
Edaravone (Figure 1).

BBB is a specialized structure between the brain tissue
and blood circulation to maintain the homeostasis of
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Figure 5: SCM-198 reduced the degradation of TJs induced by OGD/R. (a) FITC-dextran was used to determine BBB integrity. After
reperfusion the leakage of dextran in the plate was remarkably increased. SCM-198 could reduce the leakage, F (4, 10) = 6.671, P = 0 007.
(b) Expressions of TJs, occludin, claudin-5, and ZO-1 were evaluated by western blot 4 h after reperfusion. OGD/R induced the obvious
loss of TJs, and SCM-198 reversed this loss. (c–e) The results were quantified and expressed relative to control, F (4, 10) = 133.1,
P < 0 0001, Figure 5(c); F (4, 14) = 26.32, P < 0 0001, Figure 5(d); F (4, 14) = 22.99, P < 0 0001, Figure 5(e). (f–h) The expressions of
mRNA levels were detected by real time RT-PCR. SCM-198 could reduce the degradation of TJs at the level of mRNA, F (4, 10) = 7.764,
P = 0 0041, Figure 5(f); F (4, 15) = 5.983, P = 0 0044, Figure 5(g); F (4, 21) = 12.70, P < 0 0001, Figure 5(h). (i) Immunofluorescence
analysis of occludin and ZO-1, and rhodamine-conjugated phalloidin for stress fibre. Scale bar = 20 μm. The expressions of occludin and
ZO-1 were significantly reduced by OGD/R while SCM-198 prevented their reduction. SCM-198 also decreased the formation of stress
fibre. Values are expressed as mean± SEM. #p < 0 05 versus the control group, ∗p < 0 05 versus the OGD group, n = 3.
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microenvironment and avoid the harm from the exoge-
nous compounds. Study showed that treatment with tPA
often accompanies with lethal complication of brain
edema due to reperfusion insult which contribute to the
disrupture of BBB. In our study, I/R-induced BBB disrup-
tion was confirmed by EB dye which crossed from blood
into parenchyma (Figure 1(f)). Furthermore, the increase
of bEnd.3 cells permeability induced by OGD/R in the
in vitro model was tested by FITC-dextrans. SCM-198

remarkably decreased EB and FITC-dextran leakage
(Figure 5(a)). Besides, we also detected that I/R signifi-
cantly increased the water content and edema volume of
the ipsilateral brain compared with the control rats.
SCM-198 decreased the brain edema volume and water
content in the ipsilateral hemisphere (Figures 1(h) and
1(i)). These results indicated that SCM-198 played the
protective effect against BBB breakdown both in vivo
and in vitro.
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Figure 6: SCM-198 mediated the expression of MMP-9, NOX4, and HDAC4 in vitro. (a–d) Western blot images and quantitative analysis of
MMP-9, NOX4, and HDAC4 were shown, F (4, 12) = 20.46, P < 0 0001, Figure 6(b); F (4, 19) = 20.6, P < 0 0001, Figure 6(c); F (4, 10) = 34.23,
P < 0 0001, Figure 6(d). (e–g) The mRNA levels of HDAC4, NOX4, and MMP-9 were estimated by real-time RT-PCR, F (4, 10) = 9.474,
P = 0 002, Figure 6(e); F (4, 10) = 7.831, P = 0 004, Figure 6(f); F (4, 10) = 39.81, P < 0 0001, Figure 6(g). (h) The HDAC4 inhibitor Taq
(0.2 μM) or vehicle was applied 1 h before until the end of the experiment. Taq exacerbated the production of ROS, while SCM-198, 1 and
10μM, could still reduce the ROS formation, F (4, 14) = 9.319, P = 0 0007, scale bar = 2 μm. Values are expressed as mean± SEM. #p < 0 05
versus the control group, ∗p < 0 05 versus the OGD group, n = 3.
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Following stroke, BBB disrupture has two phases: the
initial opening occurs within hours after stroke onset and
the second phase comes 24–48 h later. MMPs, especially
MMP-2 and MMP-9, are involved in such early and late

phases. The early BBB breakdown is mainly caused by
MMP-2 which increased in the early phase of the tMCAO
model [37]. But in our condition, the mRNA expression of
MMP2 was unchanged between each group (Supplementary
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Figure 7: SCM-198 maintained the BBB integrity via enhancing the expression of HDAC4. The HDAC4 inhibitor Taq (0.2 μM) or vehicle
was applied 1 h before until the end of the experiment. (a–f) Western blot images and quantitative analysis suggested inhibition of
HDAC4 increased the expression of NOX4 and MMP-9, and treatment with 10μM SCM-198 reduced the raised levels of NOX4 and
MMP-9. Meanwhile, SCM-198 decreased the loss of TJs. The results revealed SCM-198 could protect against the degradation of TJs via
improving the expression of HDAC4, F (4, 15) = 13.24, P < 0 0001, Figure 7(b); F (4, 13) = 28.16, P < 0 0001, Figure 7(c); F (4, 10) = 43.70,
P < 0 0001, Figure 7(d); F (4, 10) = 27.45, P < 0 0001, Figure 7(e); F (4, 10) = 50.05, P < 0 0001, Figure 7(f); (g–k) The mRNA levels of
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Figure 7(h); F (4.10) = 401, P < 0 0001, Figure 7(i); F (4.10) = 144.9, P < 0 0001, Figure 7(j); F (4.10) = 39.03, P < 0 0001, Figure 7(k). Values
are expressed as mean± SEM. #p < 0 05 versus the control group, ∗p < 0 05 versus the OGD group, n = 3.
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Figure 4). Correspondingly, MMP-9 was elevated during the
delayed barrier disrupture, from 4h to 4 days. The upregula-
tion of MMP-9 leads to the production of stress fibre and
entire degradation of TJs, in addition to complete disrupture
of BBB and brain edema [38].

In the clinic, MMP-9 is mainly derived from infiltrat-
ing neutrophils and microvessel endothelium after ischemic
stroke in humans [39]. MMP-9 is considered as the predom-
inant protease which can break the integrity of BBB following
ischemic stroke. We supposed that SCM-198 may protect the
further lesion by regulating the expression of MMP-9. We
examined the expression of MMP-9 and found that MMP-9
was indeed declined by SCM-198 treatment. While TJs,
which could be regulated by MMP-9, play critical function
in maintaining BBB integrity. In our study, we found SCM-
198 could enhance the mRNA and protein levels of them
and then defend the insult induced by I/R. These suggested
that SCM-198 has a beneficial effect on BBB damage by inhi-
biting MMP-9 levels and improve TJ expression (Figures 2, 3,
5, and 6).

It is well known that nuclear factor kappa-B (NF-κB) and
reactive oxygen species (ROS) are involving of MMP-9
activation during ischemia [40]. ROS, including hydrogen
peroxide, superoxide anion, and hydroxyl radical, are
induced by ischemia following reperfusion which contributes
to the critical injury to the brain tissue and BBB disruption
[41–43]. When the brain is subjected to oxidative stress,
NOXs are activated and then the electrons are transferred
from NADPH to oxygen producing abundant ROS. NOX
family is the primary source of ROS [44], which comprises
seven members: NOX1, NOX2, NOX3, NOX4, NOX5, dual

oxidase- (Duox-) 1, and Duox-2. Of these NOX isoforms
identified hitherto [45–47], NOX1, NOX2, and NOX4 are
expressed in the brain and involved in BBB dysfunction after
cerebral ischemia and reperfusion. The recent research had
proved that NOX4−/− mice exhibited the decrease of infarct
volume, oxidative stress, BBB disruption, and neuronal
apoptosis in the tMCAO model. But the absent of NOX2
had no effect on infarct area, BBB leakage, neuronal apopto-
sis, or functional outcome after tMCAO. So the researchers
concluded that deletion of NOX4, not NOX1 or NOX2,
exerted the protective effect [48]. In our study, we found that
the expression of NOX2 did not change in the tMCAOmodel
(Supplementary Figure 5), suggesting that NOX2 did not
play a predominant role in our situation. As we know,
NOX4 is considered as the major source of ROS. NOX4, first
discovered in the kidney, is mainly distributed in neuron and
endothelial cells of the brain [1, 43]. Ischemic stroke induces
NOX4 activated [48], and previous research revealed that
inhibition of NOX4 could suppress the enhanced level of
MMP-9 induced by tMCAO [47].

Based on these results, we believed that NOX4 may exert
a main role in our tMCAO and OGD/R models. Our results
showed that NOX4 expression was increased in both tMCAO
and OGD/R models. Treatment with SCM-198 would reduce
the expression of NOX4 and then protect against I/R and
OGD/R injury (Figures 3 and 6). A number of transcription
factors, for instance, NF-κb[49], SMAD proteins [50], HIF1α
[51], E2F [52], Nrf2 [53], Nrf3 [54] and STAT1/3 [55] have
been shown to regulate NOX4 gene expression. However,
few researchers focused on the epigenetic regulation of
NOX4. Some studies confirmed that HDAC inhibition

Blood

Leonurine

HDAC4

Cerebral protection

DAC4

Astrocyte

Lymphocyte

Monocyte

y

Neutrophil

Pericyte

Erythrocyte

Endothelial cell

P

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAssssssssssssssssssssssssssssssssssssssttttttttttttro

PerP
BM

BBB disrupture

NOX4 ROS

MMP-9

Ischemic strokemiicc

Occludin

Claudin 5
ZO-1

ZO-1

ZO-1

ZO-1

ture

Figure 8: Schematic representation of the mechanisms of SCM-198 protection against ischemic stroke. SCM-198 protected BBB integrity by
regulating the HDAC4/NOX4/MMP-9 tight junction pathway.
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provided neuroprotection after cerebral ischemic insult or
intracerebral hemorrhage [56–58]. Histone deacetylases
(HDACs) are a protein family consisted of 18 proteins which
could be categorized into 4 groups according to their struc-
tural and functional resemblance: class I (HADCs 1, 2, 3,
and 8), class IIa (HDACs 4, 5, 7, and 9), class IIb (HDACs
6 and 10), class III (sirtuins 1–7), and class IV (HDAC 11)
[59]. HDAC dysregulation is associated with brain disorders
such as Huntington’s disease, Alzheimer’s disease, and
ischemic stroke [60, 61]. Therefore, it could be a potential
therapeutic target. He et al. examined the change of HDACs
1–11 induced by ischemia and reperfusion; the results sug-
gested that only HDAC4/5 mRNA levels were significantly
decreased while HDAC9 was prominently increased in
ischemic hemisphere [31].

In our study, in both rat and cell model groups, the levels
of HDAC4 were notably decreased, and treatment with
SCM-198 could enhance the expression of HDAC4
(Figures 6(a) and 6(b)). Furthermore, we overexpressed or
inhibited HDAC4 to clarify the regulative relationship
between HDAC4 and NOX4. The results showed that
HDAC4 could regulate the expression of NOX4 in the oppo-
site direction. Therefore, we demonstrated that SCM-198
could regulate the expression of HDAC4 which modulated
NOX4 level and then influenced the downstream of BBB
disrupture (Figure 7).

5. Conclusion

In summary, our research implied that SCM-198 reduced the
infarct volume, ameliorated the neurological deficit, and
protected against BBB leakage in vivo and in vitro. The
underlying mechanism may be that SCM-198 could improve
the level of HDAC4 which could regulate the expression of
NOX4 and further influence the downstream pathway to
exert the protective effect on BBB disrupture (Figure 8).
SCM-198 may be a promising candidate for the treatment
of cerebral ischemia and reperfusion.
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Oxidative stress and calcium excitotoxicity are hallmarks of traumatic brain injury (TBI). While these early disruptions may be
corrected over a relatively short period of time, long-lasting consequences of TBI including impaired cognition and mood
imbalances can persist for years, even in the absence of any evidence of overt injury based on neuroimaging. This investigation
examined the possibility that disordered protein deimination occurs as a result of TBI and may thus contribute to the long-term
pathologies of TBI. Protein deimination is a calcium-activated, posttranslational modification implicated in the autoimmune
diseases rheumatoid arthritis and multiple sclerosis, where aberrant deimination creates antigenic epitopes that elicit an
autoimmune attack. The present study utilized proteomic analyses to show that blast TBI alters the deimination status of
proteins in the porcine cerebral cortex. The affected proteins represent a small subset of the entire brain proteome and include
glial fibrillary acidic protein and vimentin, proteins reported to be involved in autoimmune-based pathologies. The data also
indicate that blast injury is associated with an increase in immunoglobulins in the brain, possibly representing autoantibodies
directed against novel protein epitopes. These findings indicate that aberrant protein deimination is a biomarker for blast TBI
and may therefore underlie chronic neuropathologies of head injury.

1. Introduction

Central features in traumatic brain injury (TBI) include
oxidative stress [1–4], breakdown of the blood brain barrier
[5, 6], and a protracted period of Ca2+ excitotoxicity [7, 8].
These early consequences of brain injury set the stage for
the progressive development of long-term pathologies
including impaired learning and memory, as well as emo-
tional and mood imbalances [9–13]. These long-term conse-
quences of TBI can be complex and may increase in severity
over months and years, even though the injury may have
been classified as clinically mild, and there is no evidence of
physical injury using the most sensitive of imaging tech-
niques [14, 15]. At present, there is a gap in our knowledge
linking the acute events of mild TBI to chronic pathology.
Importantly, repeated mild TBI has now been identified as
the most significant environmental factor for developing
chronic neuropsychiatric symptoms [16–18].

The purpose of this study was to determine if aberrant
deimination of brain proteins occurs in response to TBI
and, therefore, potentially contributes to the long-term con-
sequences of TBI. Deimination, or citrullination, is a post-
translational modification involving the calcium-dependent
conversion of peptidyl-arginine to peptidyl-citrulline cata-
lyzed by peptidylarginine deiminase (PAD) (Figure 1). This
modification can result in the creation of novel, potentially
antigenic epitopes that can elicit autoimmune responses
[19, 20] (Figure 1). Specifically, disordered deimination of
the joint proteins, filaggrin [21] and vimentin [22], generates
antigenic epitopes [23] which can trigger a sustained autoim-
mune attack that eventually destroys the synovial compart-
ment [24]. Disorders in protein deimination are also
implicated in the diseases of the central nervous system, most
notably multiple sclerosis [25–27], where the deimination of
myelin basic protein appears to underlie a sustained autoim-
mune attack against the deiminated protein [28]. There is
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increasing interest in the possibility that the immune system
plays a role in the long-term pathogenesis of TBI [29, 30].

It was previously reported that controlled cortical impact
in rodents selectively alters the deimination status of a subset
of proteins constituting the brain proteome [31], presumably
due to injury-induced conditions of oxidative stress and cal-
cium excitotoxicity. The present investigation was designed
to extend these findings to a large animal model using blast
injury as a noninvasive form of TBI. As seen with direct cor-
tical injury in rodents [31], only a small subset of the entire
brain proteome underwent blast-induced deimination in
the porcine brain. Two of the six proteins identified as being
deiminated were vimentin and glial fibrillary acidic protein
(GFAP). The deimination sites found within vimentin and
GFAP corresponded to previously reported sites of deimina-
tion, respectively, in rheumatoid arthritis and in multiple
sclerosis [32] and Alzheimer’s disease [33, 34]. Moreover,
the levels of immunoglobulin G (IgG) detected in the brains
of blast-exposed animals were markedly elevated as com-
pared to those present in control animals, possibly represent-
ing autoantibodies directed against novel protein epitopes.
These findings indicate that aberrant protein deimination
may be a biomarker for blast TBI and may therefore underlie
chronic neuropathologies through mechanisms involving the
adaptive immune system.

2. Materials and Methods

2.1. Animals. Studies were conducted in adult male Yucatan
miniature and Yorkshire swines (Sinclair BioResources,
LLC., and Archer Farms, Darlington, MD, respectively)
weighing 40–50 kg, N = 4/group). Animals were cared for
and treated in accordance with guidelines approved by the
US Department of Agriculture and the Medical Research
and Material Command of the US Army.

Anesthetized pigs in the injured group were positioned in
sternal recumbency and equipped with a specially made Kev-
lar and lead body armor as well as head and face protection.
Animals were then transferred to a blast tube, simulating
free-field blast, where they received a single moderate blast
overpressure exposure (40–52 psi, average = 46 psi). Details
pertaining to anesthesia, pre- and postprocedural treatments,
and blast structure were as described earlier [5, 35–37].

Immediately after blast exposure, animals were removed
from the blast structure and returned to the adjacent proce-
dure facility for recovery. The endotracheal tube was main-
tained until animals exhibited normal pharyngeal function
via cough reflex. Physiological parameters were electronically
recorded by the monitoring system until animals were fully
recovered from anesthesia and returned to their holding
cages. In the days that followed, animals were assessed for
pain or distress and monitored for general health as well as
cranial nerve and neurologic and respiratory functions.

All animals were euthanized 2 weeks after exposure, and
whole brains were collected and rinsed in physiologic saline.
Coronal sections were prepared (0.75 inches thick), snap fro-
zen on dry ice, and stored at −80°C until used.

2.2. Sample Preparation. Brain sections of frontal cortex were
thawed and further dissected to produce wedges of tissue that
contained an equivalent representation of all layers of the
cerebral cortex frontal lobe. Tissue samples were homoge-
nized in 5 volumes/tissue weight of 0.1M Tris buffer
(pH7.4) containing 1x complete protease inhibitors using a
Polytron (setting 6; 3× 15 second pulses, with chilling in
between) (Roche, Basel, Switzerland) followed by 3 freeze-
thaw cycles and centrifugation (20000 ×g, 15min, 4°C). The
resulting supernatants were removed and stored at −80°C
until used.

2.3. Liquid-Phase Isoelectric Focusing. Liquid-phase isoelec-
tric focusing (LP-IEF) of brain supernatants was carried out
as previously described [31]. Briefly, treatment group pools
(naïve and blast, N = 4/group) underwent concentration
and buffer exchange to water/1x protease inhibitors by Vivas-
pin (10 kDa molecular weight cut off (MWCO); General
Electric, Fairfield, CT), removing TRIS which interferes with
LP-IEF. Samples were then diluted in 1.1x IEF running solu-
tion (7.7M urea, 2.2M thiourea, and 4.4% CHAPS) and 1x
complete protease inhibitor (1 part sample/9 parts IEF
buffer). Samples were further adjusted for IEF fractionation
by combining 900μL pooled sample with ampholytes
(150μL, pH3–10; Novex, Thermo Fisher, ZM0021;
Waltham,MA), dithiolthreitol (DTT; 25μL, 4M), and brom-
phenol blue (20μL, 10mg/mL). IEF fractionation was per-
formed under the following conditions: (1) 100V, 2mA,
2W (20min); (2) 200V, 2mA, 2W (80min), (3) 400V,
2mA, 2W (80min), and (4) 600V, 2mA, 2W (80min) using
the ZOOM IEF Fractionator (Thermo Fisher, Waltham,
MA). The resulting fractionation produced samples corre-
sponding to the predicted IEF pH ranges for the fractionator
(pH3.0–4.6, pH4.6–5.4, pH5.4–6.2, pH6.2–7.0, and pH7.0–
9.1) as judged by pH testing using pH strips. 1-dimensional
gel electrophoresis and Coomassie staining (see below) were
used to confirm equivalent fraction profiles for the naïve and
blast samples and to verify equivalent protein concentrations
for the naïve and blast samples of the same pH range.

2.4. 1-Dimensional Gel Electrophoresis. IEF fractions were
further resolved by molecular weight fractionation using
conventional sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE). This two-step reduction in
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Figure 1: Protein deimination is catalyzed by a family of
structurally related, calcium-dependent enzymes known as
peptidylarginine deiminases (PADs). Protein deimination involves
the conversion of an intraprotein arginine residue to a citrulline
residue, resulting in the loss of a positively charged amine
group and 1Da in molecular mass.
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the complexity of the proteome by IEF and SDS-PAGE was
important for the visualization of deiminated proteins by
western blot analysis. Briefly, IEF samples were diluted in
4x reducing loading buffer (10% LDS, 10% glycerol,
0.4M DTT, 250mM Tris buffer, 20μL bromphenol blue
(10mg/mL), pH8.4), heated at 70°C (10min), and then
fractionated in NuPage 4–12% Bis-Tris gels (Novex, Thermo
Fisher,Waltham,MA),using1xMES(2-[N-morpholino]etha-
nesulfonic acid) running buffer (9.76 gm/L MES, 60.6 gm/L
Tris Base, 0.3 gm/L disodium ethylenediaminetetraacetic acid
(EDTA), and 1 gm/L SDS, pH8). Proteins were transferred to
nitrocellulose using an iBlot transfer system (Thermo Fisher,
Waltham,MA).

2.5. Immunoblotting

2.5.1. Protein Deimination. Nitrocellulose membranes were
blocked with 5% nonfat dry milk/Tris-buffered saline/Tween
20 (TBS-T) (25mM Tris Base, 0.115M NaCl, 25mM KCl,
0.1% Tween20, and pH7.5) for 2 h at room temperature and
then incubated overnight at 4°C with mouse monoclonal
anti-protein citrulline primary antibody 6B3 [31, 38]
(stock= 1.79mg/mL) diluted (1 : 500) in 5% nonfat dry
milk/TBS-T.Membranes were thenwashed in TBS-T (3 times
over 60min), incubated with secondary antibody (HRP-con-
jugated goat anti-mouse IgG (H+L), 31430, 1 : 2500 in TBS-
T; Thermo Fisher, Waltham, MA) at room temperature for
2 h. Membranes were then washed in TBS-T (3 times over
60min) and thenvisualizedwith enhanced chemiluminscence
(ECL) (Novex ECL HRP Chemiluminescent Substrate
Reagent Kit;WP20005, Invitrogen, Thermo Fisher,Waltham,
MA) using the ChemiDoc Touch imaging system (Bio-Rad
Laboratories, Hercules, CA). The specificity of the 6B3 mAb
for detecting deiminated proteins was verified as described
previously [31]. Images collected were analyzed using Image
Lab software (v5.2.1, Bio-Rad Laboratories; Hercules, CA).
Anti-peptidyl-citrulline, clone F95 antibody, was obtained
commercially from Millipore (ab# MABN328, Darmstadt,
Germany) and used similarly.

2.5.2. Tissue IgG. Nitrocellulose membranes were blocked
with 5% nonfat dry milk in TBS-T (2 h, room temperature)
and then incubated with goat anti-porcine IgG (H+L),
HRP-conjugated antibody (1 : 2500 in TBS-T, EMD Milli-
pore, Billerica, MA, AP166P) at room temperature for 2 h.
Membranes were then washed in TBS-T (3 times over
60min) and then visualized and analyzed as described for
protein deimination above. Quantitation of the ECLWestern
blot signals was based upon standardization to protein load
for each sample, as determined by the signal density for
equivalent samples visualized on Coomassie-stained gels.
ImageJ (Mac Version 1.50i, National Institutes of Health)
was used to determine both ECL and Coomassie data; signal
densities of immunoreactive ECL features (heavy and light
chain bands) were summed and adjusted for protein load
based upon a percent difference from a reference protein load
(highest protein load of control samples = 100%).

2.6. Protein Identification and Mapping of Deimination
Sites. Immunoreactive signals of interest were mapped to

corresponding banding patterns of the Coomassie-stained
gels. The bands were excised and analyzed by peptide mass
finger printing and tandem mass spectrometry (MS-MS)
using the proteomic services of the W.M. Keck Foundation
Biotechnology Resource Laboratory (New Haven CT, USA).
Briefly, gel bands were cut into smaller pieces, digested with
trypsin, peptides extracted and desalted, and analyzed by liq-
uid chromatography (LC) MS-MS using an Orbitrap Fusion
Tribrid mass spectrometer (Thermo Fisher, Waltham, MA).
Both MS and MS/MS scans were acquired in an Orbitrap
analyzer. MS scans were of m/z range 350–1550, resolution
of 120000, AGC (automatic gain control) target of 2e5, and
maximum injection time of 60ms, while MS/MS scans were
with fixed first mass of m/z 120, resolution of 60000, AGC
target of 5e4, and maximum injection time of 110ms. Precur-
sor ions were fragmented by high energy collision-induced
dissociation collision energy (%) set to 28.

The raw files were processed using Proteome Discoverer
v2.1 software (Thermo Fisher, Waltham, MA). The files were
searched with Sequest HT algorithm against pig UniProt
database (downloaded June 2016). The fragment ion mass
tolerance of 0.02Da, parent ion tolerance of 10 ppm, and
digestion enzyme trypsin were specified in the Sequest anal-
ysis parameters. Oxidation of methionine, deamidation of
asparagine and glutamine, deimination (citrullination) of
arginine, and propionamide of cysteine were specified in
Sequest as variable modifications.

Scaffold software (v4.6.1, Proteome Software) was used to
validate peptide and protein identifications. Initial protein
analysis was performed with a protein threshold of 99%, a
minimum of 3 peptides, and a peptide threshold of 95%.
The inclusion criteria for peptides with a deiminated arginine
were an Xcorr of 2 or more and a deltaCn of >0.4. Peptides
meeting these criteria were then assessed for a 43Da neutral
loss assessing for the loss of isocyanic acid (HNCO) through
spectrometric analysis described by Hao et al. [37]. All spec-
tra were visually reviewed to insure quality and clear presence
of the 43Da neutral loss signature for deimination.

The expected mass of the neutral loss of isocyanic acid
was determined by subtracting the product of a 43Da loss
divided by the peptide charge from the observed mass of
the peptide sequence [37]. Peaks corresponding to the
expected neutral loss were identified in the spectrum data
and included if an observed peak was less than 2Da from
the expected peak. The only exception to this was GABA
transaminase (4-aminobutyrate aminotransferase) that had
peaks identified at approximately 3Da from the expected neu-
tral loss mass. This tentative identification was included here
based on the high quality of the spectrum, Xcorr, and deltaCn.

2.7. Statistical Analysis. The quantitation of the IgG ECL
western blot signals was based on standardization to protein
load for each sample, as determined by the signal density for
equivalent samples visualized on Coomassie-stained gels.
ImageJ (Mac version 1.50i, National Institutes of Health)
was used to determine both ECL and Coomassie data; signal
densities of immunoreactive ECL features (heavy and light
chain bands) were summed and adjusted for protein load
based on a percent difference from a reference protein load
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(highest protein load of control samples = 100%). Analysis of
the combined relative signal intensity of the IgG naïve and
blast results was performed using Prism 7 for Mac OS X
(v7.0a, GraphPad Software Inc.). An unpaired t-test was per-
formed with the standard variance assumed to be equal in the
population. Statistical significance was determined using the
Holm-Sidak method with an alpha of 0.05.

3. Results

Figure 2 shows the effects of blast exposure on the status of
protein deimination in the porcine cerebral cortex. Brains
were collected 2 weeks postblast exposure, and cerebral cor-
tex homogenates were prepared from each subject. Treat-
ment group pools of sham and blast samples, representing
4 animals each, underwent two-dimensional fractionation
involving liquid phase isoelectric focusing (LP-IEF) followed
by molecular weight fractionation using 1-dimensional
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). These steps for reducing the complexity of
the proteome were necessary to clearly reveal western blot
signals in the analyses of protein deimination. Panel (a)
shows the Coomassie-stained protein profiles for the control
and blast groups over the four LP-IEF pH fractions. The data
show that LP-IEF yielded pH fractions with distinct protein
profiles, indicating the effectiveness of the IEF procedure to
separate a complex proteome into subfractions having
reduced protein complexity. It was also observed that within
a given pH fraction, there was no apparent difference in the
Coomassie-banding profile between the control and blast
samples with the exception of feature 11. This feature, which
had increased Coomassie staining in the blast-exposed frac-
tion, was determined to contain IgG by both mass spectro-
metric and western blot analyses.

The effects of blast exposure on the profile of protein
deimination, using 6B3 antibody western blotting, is shown
in panel (b). These data indicate that there is a basal level of

protein deimination in the control condition that involves a
small subset of the proteins making up the entire brain pro-
teome. Further, blast exposure dramatically affected the
deimination status of several, but not all of these features.
In most cases, blast exposure resulted in a pronounced
increase in the observed deimination signal (features 2–11),
in some cases increasing from virtually no signal in the con-
trol condition (feature 9). There was also evidence for blast
exposure in reducing the degree of protein deimination
within a protein band, as can be most clearly seen for feature
1. Preliminary findings with an alternative anti-protein
citrulline antibody, F95, identified some features that were
not revealed by antibody 6B3 and vice versa (not shown),
suggesting that the amino acid context of a deimination site
contributes to its antibody recognition. Additionally, it was
observed that deimination signals observed by western blot
were reduced upon repeated freeze-thaw cycles of the sam-
ples, indicating the importance of preparing sample aliquots
for storage and repeat analyses.

Immunoreactive features identified by 6B3 western blot-
ting (panel (b), features 1–11) were mapped to correspond-
ing protein bands in a replicate Coomassie-stained protein
gel (panel (a), features 1–11). These bands were collected
and analyzed proteomically to identify the proteins present
and to map their respective deimination sites. Site-specific
deimination was confirmed by the demonstration of neutral
loss of 43Da representing the signature deimination
fragment isocyanic acid [37] (Figure 3) (see Materials and
Methods for details). Table 1 presents a list of the 6 proteins
definitively identified and their respective deimination sites.
The findings include deiminated GFAP and vimentin, both
of which are recognized as autoantigens in neuropathology
[39] and rheumatoid arthritis [40], respectively. Western
blotting for protein deimination employed an anti-mouse
IgG detection antibody that was subsequently shown to
cross-react with porcine IgG. This reagent revealed an
intense signal in feature 11 of the blast brain pool (Figure 2
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Figure 2: Blast-induced deimination of proteins in porcine brain. Brain samples were collected 2 weeks following a single blast exposure
(average pressure = 46 psi). Homogenates of control (C) and the blast-exposed (B) cerebral cortex were prefractionated by LP-IEF. The
resulting pH fractions were further fractionated by 1-dimensional SDS-PAGE (a) and analyzed for protein deimination by western
blotting (b) using the mouse monoclonal 6B3 anti-protein citrulline antibody. Immunoreactive features affected by TBI (numbered,
panel (b)) were mapped to corresponding bands in a Coomassie-stained protein gel (numbered, panel (a)). These were collected,
identified, and mapped for site-specific deimination by peptide mass fingerprinting using liquid chromatography and tandem mass
spectrometry (LC MS/MS).
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feature 11) that was not pronounced in the control pool. Pro-
teomic analysis determined that the dominant protein in this
immunoreactive feature was, indeed, porcine IgG as opposed
to another protein that had reacted with the 6B3 primary
antibody. The increased presence of IgG in the injured cortex
was further verified by using a separate detection antibody
specific to porcine IgG (Figure 4), suggesting that an adaptive
immune response to blast injury may have occurred in these
animals. An analysis of the individual samples making up the
pools of naïve and blast-injured brain tissue further
confirmed that blast injury was associated with significantly

elevated levels of IgG in the cerebral cortex. The
Coomassie-stained protein profile for each sample is pre-
sented in panel (a). The corresponding western blot for
porcine IgG is shown in panel (b) (Figure 4). Panel (c) repre-
sents an integration analysis of the western blot signal inten-
sities for IgG heavy and light chains (panel (b)), standardized
to total protein load (panel (a)). The data show that blast
significantly increased the amount of IgG detected in the
cerebral cortex of blast-exposed swine. Variations in this
response were observed among subjects, possibly reflecting
variations in the degree of injury caused by the blast exposure.
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Figure 3: Mapping of protein deimination sites by neutral loss. Tryptic peptides were fragmented by collision-induced dissociation, and
resulting spectra were analyzed for a neutral loss of 43Da, reflecting the loss of isocyanic acid as a fragmentation product of citrulline
(upper panel). The representative spectrum shown here depicts the Y and B ion spectra of GFAP peptide, TVEMrDGEVIK, with the
neutral loss peak observed for the deiminated arginine (r) at 625.8Da. Because the parent peptide ion was doubly charged in this case, the
observed neutral loss in the spectrum was 21.5Da, reflecting 43Da/2.

Table 1: Mapping deimination sites in brain proteins of swine exposed to repeated mild blast exposure.

Protein Peptide sequence
Observed
mass

Charge
state

Expected mass with
neutral loss

Mass of peak
detected

GABA transaminase LVQQPQNVSTFINRPALGILPPENFVEK 1050.57 3 1036.24 1033.28

Aconitate hydratase LNRPLTLSEK 391.23 3 376.89 376.67

Glial fibrillary acidic
protein

ITIPVQTFSNLQIRETSLDTK 802.43 3 788.10 789.75

TVEMRDGEVIK 647.32 2 625.82 625.82

Glutathione
S-transferase

AFLASPEHVNRPINGNGK 481.25 4 470.50 469.23

Histone H4 ISGLIYEETRGVLKVFLENVIRDAVTYTEHAK 733.80 5 725.20 726.32

Vimentin TVETRDGQVINETSQHHDDLE 808.70 3 794.37 794.37

R = deimination site.
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4. Discussion

Brain injury can result in long-term symptomologies that
include impaired learning and memory; poor concentra-
tion/attention; slowed thinking; emotional and mood imbal-
ances including increased anxiety, depression, disorientation,
and headaches; and emotional and cognitive dysfunction.
These problems can persist for years after injury, often in
the absence of any detectable neuropathology [14, 15]. At
the cellular level, however, brain injury can result in a sus-
tained state of neuroinflammation that is reflected in the pro-
inflammatory, M1 phenotype of microglia [41, 42]. The
persistence of these responses is consistent with the involve-
ment of the adaptive immune system [29, 30]. The present
findings raise the possibility that aberrant deimination of
specific brain proteins, with the resulting generation of
antigenic epitopes, may be an important mechanism in
this phenomenon.

The data presented here demonstrate that blast injury
upregulates the deimination of a small subset of the proteins
making up the entire brain proteome. Additionally, it was
also observed that the deimination status of certain protein
features was reduced following blast exposure. Together,
these observations indicate that (i) protein deimination
normally takes place in the brain, (ii) aberrant deimination
occurs in response to brain injury, and (iii) protein deimina-
tion may be reversible, analogous to phosphorylation. While
the extent to which aberrant protein deimination contributes
to injury-induced neuropathology has yet to be determined,
recent findings in humans show that a history of concussions
or documented brain injury is associated with the expression
of brain-specific autoantibodies against GFAP [39] and
S100b [43]. An important question facing this research area
concerns the potential role of deimination in establishing
the autoimmune response to these and other proteins
following brain injury.

A working model for the sequence of events that could
result in a brain-specific autoimmune response to injury is

presented inFigure 5.Central to thismodel are injury-induced
oxidative stress and calciumexcitotoxicity, activation of PADs
and aberrant protein deimination, T- and B-cell activation in
response to novel deiminated autoantigens, and the result-
ing establishment of a chronic inflammatory state via
sustained activation of the adaptive immune system. This
potential mechanism involving the adaptive immune sys-
tem presents a substantial concern for long-term patho-
genesis, as well as a target for therapy. Also depicted in
the model are three avenues for therapeutic intervention
that address the inhibition of PAD, as well as T- and B-
cell activation. To date, PAD inhibitors have not been
tested in humans, although one or more prototype drugs
are expected to reach clinical trials soon. Recent evidence
indicates that the therapeutic effectiveness of the autoim-
mune therapies, abatacept [44] and rituximab [45, 46], in
rheumatoid arthritis is directly related to the titer of
autoantibodies reactive to deiminated proteins. Accord-
ingly, models of long-term brain injury involving an auto-
immune response to deiminated proteins may benefit from
these therapies.

The relations between protein deimination and the
adaptive immune system in rheumatoid arthritis and neuro-
degenerative diseases suggest that these states may share a
common mechanism. As reported for rheumatoid arthritis,
multiple sclerosis [47], Alzheimer’s disease [48], and prion
disease [49] have distinctive profiles of protein deimination.
The vimentin sequence of TVETrDGQVINETSQHHDDLE
identified here in blast injury precisely matches the site (indi-
cated by “r”) found to be deiminated in rheumatoid arthritis
[40]. Moreover, the deimination site in GFAP observed here,
TVEMrDGEVIK, was reported as a possible deimination site
in Alzheimer’s disease [33, 34] and the core sequence of this
peptide, EMrDGEVIK, has also been shown to be reactive
with circulating autoantibodies in a patient with relapsing-
remittent multiple sclerosis [32]. On the basis of these find-
ings, it is proposed that aberrant protein deimination and
subsequent involvement of the adaptive immune system
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Figure 4: Effects of blast exposure on the presence of IgG expression in the cerebral cortex of swine. Homogenates of control and the blast-
exposed (2 weeks postinjury) cerebral cortex (N-4/group) were fractionated by (a) 1-dimensional SDS-PAGE and (b) analyzed for IgG
content by western blotting. Immunoreactive heavy (H) and light (L) chain IgGs were visualized using an anti-porcine IgG detection
antibody. The values for the total IgG chemiluminescence signal (H+L) (c) for each sample were standardized to protein load (a) by
densitometry analysis using ImageJ, and resulting values were analyzed statistically. The relative signal intensity is shown on the y-axis as
densitometry values ×100. Data are presented as the mean ± standard error; ∗p ≤ 0 005.
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may be an underlying mechanism shared by chronic neuro-
degenerative diseases and classical autoimmune diseases.

Finally, this study has several limitations that should be
noted. Among these are a relatively small N size (4 animals
per group), the presence of only one time point (2 weeks
postblast), one blast condition (40–52 psi), and one gender
(male). Additionally, by necessity, the discovery proteomic
analyses were performed on treatment group pools and eval-
uated one, albeit major brain region, the frontal cortex. As
such, this research does not account for individual differ-
ences and the likelihood that blast injury effects may vary
across animals and brain regions. This potential for animal
variation is suggested by differences in the presence of IgGs,
possibly autoantibodies, in the brain samples from individual
animals (Figure 4). Nevertheless, our preliminary study iden-
tified a short list of specific proteins and their respective
epitopes that can be used to focus further investigations into
the questions raised here.

In summary, the research presented here shows that blast
injury affects the deimination status of select brain proteins.
This finding provides the basis for a mechanistic link
between the acute processes of brain injury and the expres-
sion of sustained neuropathology involving activation of the

adaptive immune system. The potential role for abnormally
deiminated proteins in this mechanism is supported by the
firmly established role for protein deimination in the hall-
mark autoimmune disease, rheumatoid arthritis. Recent
evidence that abnormal protein deimination may play a
similar role in multiple sclerosis and other neurodegenerative
diseases [25, 27, 28, 50] indicates that the use of acute thera-
pies targeting protein deiminationmay be of value in mitigat-
ing the long-term consequences of blast and perhaps other
forms of brain injury.

5. Conclusions

Blast-induced brain injury can result in long-term sequelae
for which there is no known underlying mechanism. Here,
we propose a role for the adaptive immune system in
mediating chronic pathologies of brain injury. Blast injury
establishes a cellular environment that promotes aberrant
protein deimination via activation of the calcium-
dependent enzymes involved. The deimination modifica-
tion can generate antigenic epitopes for activation of a
sustained autoimmune response. The present findings
show that blast exposure selectively increases the deimina-
tion of a small segment of the brain proteome, which includes
proteins known to be involved in the autoimmune-based
pathologies of multiple sclerosis and possibly, Alzheimer’s
disease. The data further demonstrate that blast injury is
associated with an increase in IgG levels in the brain, possibly
representing autoantibodies directed against novel deimi-
nated protein epitopes. Together, these findings provide
support for a mechanistic link between injury-induced pro-
tein deimination and pathogenic responses of the adaptive
immune system.
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Traumatic brain injury sustained after blast exposure (blast-induced TBI) has recently been documented as a growing issue for
military personnel. Incidence of injury to organs such as the lungs has decreased, though current epidemiology still causes a great
public health burden. In addition, unprotected civilians sustain primary blast lung injury (PBLI) at alarming rates. Often, mild-
to-moderate cases of PBLI are survivable with medical intervention, which creates a growing population of survivors of blast-
induced polytrauma (BPT) with symptoms from blast-induced mild TBI (mTBI). Currently, there is a lack of preclinical models
simulating BPT, which is crucial to identifying unique injury mechanisms of BPT and its management. To meet this need, our
group characterized a rodent model of BPT and compared results to a blast-induced mTBI model. Open field (OF) performance
trials were performed on rodents at 7 days after injury. Immunohistochemistry was performed to evaluate cellular outcome at day
seven following BPT. Levels of reactive astrocytes (GFAP), apoptosis (cleaved caspase-3 expression), and vascular damage (SMI-71)
were significantly elevated in BPT compared to blast-induced mTBI. Downstream markers of hypoxia (HIF-1𝛼 and VEGF) were
higher only after BPT. This study highlights the need for unique therapeutics and prehospital management when handling BPT.

1. Introduction

A traumatic event that causes multiple injuries, or poly-
trauma, is a complex challenge for clinicians [1]. Recently,
polytrauma has been reported in military populations with a
direct link to blast exposure [2]. A rise in terrorismworldwide
also fuels the polytrauma epidemic for civilian casualties.
Reports from terrorist activity in theMiddle East and Europe
in the late twentieth century highlight the growing issues and
prevalence of primary blast lung injury (PBLI) [3–9]. With
the increased use of improvised explosive devices (IEDs) in
warfare, blast loading produces debilitating effects on victims
from military conflicts and acts of terrorism [10, 11].

Blast-induced polytrauma (BPT) poses a unique obstacle
to physicians due to the complex systematic interactions.

Diagnosing traumatic brain injuries (TBIs) is a significant
task as the amount of concomitant injuries overshadows
signs of neurotrauma. There is limited knowledge regarding
the early stage management of polytrauma and the sen-
sitive underlying systemic mechanisms that contribute to
ongoing neuropathology. Injuries, such as pneumothorax or
uncontrolled bleeding, take precedence in early stage trauma
care. While these concerns are severe and need immediate
treatment, TBIs often cause the most long-term harm to the
surviving victims of blast exposure. In order to guide trauma
management, as well as initial treatment for TBI, a preclinical
model characterizing the intricate aspects of polytrauma is
needed. McDonald et al. reported evidence that additional
injuries, concomitant to impact-related TBI, can increase
both peripheral and central inflammatory response as well
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as exacerbate TBI pathology [12]. We expect that BPT
models will show exacerbated vascular and inflammatory
neuropathology due to these concomitant injuries.

A major objective of this study was to assess the role that
subsequent hypoxia after blast exposure has on the outcomes
of blast-induced TBI. Downstream neurological regulators
of hypoxia and blood-brain barrier (BBB) disruption were
examined as critical measures. Hypoxia likely contributes to
exacerbating the injury progression after BPT due to impair-
ment of pulmonary gas exchange in the lung, resulting in sec-
ondary effects on cerebral vasculature [13, 14]. Primary blast
exposure to the brain also causes BBB disruption leading to a
myriad of molecular cascades [15]. This cyclical relationship
is highlighted with the finding that BBB disruption following
TBI is biphasic, occurring at multiple time points after injury
[16]. Comparing our BPT model to an established blast-
induced mTBI model allows for the elucidation of molecular
pathways triggered by the additive hypoxic environment.
Examining how systemic pathology after lung injury impacts
neuropathology is crucial to understanding mechanisms of
blast-induced polytrauma and these results will aid in the
development of injury-specific pharmacological targets that
may be more effective in treating BPT.

2. Materials and Methods

2.1. Experimental Set-Up. All the experiments are in accor-
dance with the Virginia Tech Institutional Animal Care and
Use Committee and all the experimental protocols described
herein have been approved. Prior to all experiments, male
Sprague Dawley rats (∼325 g, Harlan Labs, San Diego) were
acclimated to a 12-hour light/dark cycle with food and water
provided ad lib. As described previously, the shock front
static and dynamic overpressures were generated using a
custom-built Advanced Blast Simulator (200 cm × 30.48 cm
× 30.48 cm) that consists of a driving compression chamber
attached to a rectangular transition and testing chamber with
an end wave eliminator (EWE) (ORA Inc., Fredericksburg,
VA) located at the Center for Injury Biomechanics of Virginia
Tech University. The passive EWE, installed at the venting
end of the ABS, minimizes the shock wave outflow by
means of a specially designed plate system. Patterns in the
EWE plate system were created to mirror reflected shocks
and rarefactions, which tend to cancel each other out and
diminish unwanted effects within the test section. A peak
static overpressure was produced with compressed helium
and calibrated acetate sheets (Grafix Plastics, Cleveland,OH).
Three pressuremeasurementswere collected at 250 kHzusing
a Dash 8HF data acquisition system (Astro-Med, Inc., West
Warwick, RI) and peak overpressures were calculated by
determining wave speed (m/s) at the specimen position. A
mesh sling, used to hold the animal during the exposure,
allowed for minimal hindrance of the wave through the
chamber. Shock wave profiles were verified to maintain
consistent exposure pressures between subjects. Animals
from the mTBI group were anesthetized with 3% isoflurane
before being placed in a rostral cephalic orientation towards
the shockwave.Whole body exposure is considered “on-axis”
with the animal facing rostral cephalic orientation towards

the blast. This exposure has minimal effect on the lungs,
as the shock streamlines around the body. Thus, resulting
exposure in this study creates a relatively specific brain injury
and minimal polyorgan trauma.The mTBI rodent group was
exposed to a single incident pressure profile resembling a
“free-field” blast exposure, single Friedlander-like waveform
that is in mild-moderate range at 117 kPa (17 psi) with a
positive duration of 2.5ms.

For the BPT group, rats were anesthetized with a
ketamine/xylazine solution, in accordance with the rodent
weight, for sedation during blast. BPT animals were exposed
to a single incident pressure profile resembling a “free-field”
blast exposure at a range of 170 to 210 kPa (24.5 to 30.5 psi)
peak overpressure with 2.5ms positive phase duration to
ensure severe levels of PBLI [17, 18]. Rodents in the BPT
group were positioned in a prone orientation with the right
side of the thorax facing the shock front. The animals were
not allowed to impact any solid surface in order to prevent
secondary injuries and this was confirmed using high-speed
video (Phantom Miro eX2, Vision Research). All animals
were randomly assigned to one of three groups: mTBI, BPT,
and sham (𝑛 = 8–12/group). Sham animals underwent all
procedures, including ketamine/xylazine sedation, as the
BPT group except for blast exposure.

2.2. Open Field Test. Seven days after injury, animals per-
formed an open field thigmotaxis assessment [19, 20]. Briefly,
an opaque black acrylic box with dimensions 80 × 80 × 36 cm
was used for the task. Animals were acclimated in the open
field box before the injury and two days after injury.The accli-
mation ensures that any anxiety-like traits would be due to
the blast and subsequent injury progression. Activity changes
were detected using EthoVision XT� software tracking.
Thigmotaxia, or the animal’s preference of proximity to the
arenawalls, tends to decrease after a period of acclimation but
is continuously displayed in animals with anxiety. Time spent
along the chamber wall reflects an increased level of anxiety
and is a common method of determining anxiety levels [20].
Rats were videotaped for fiveminutes and avoidance of center
square activity (i.e., anxiety-related behavior) was measured
by determining the amount of time and frequency of entries
into the central portion of the open field.

2.3. Tissue Processing. After seven days, animals were eutha-
nized by transcardial perfusion of saline and 4% paraformal-
dehyde. Following collection, brains were stored in a 4%
paraformaldehyde fixative solution. After 48 hours in fixa-
tive, whole brains were placed in 30% sucrose solution for
tissue sectioning preparation. Whole brains were embed-
ded in Tissue-Tek� optimal cutting temperature embedding
medium (Sakura Finetek USA, Inc., Torrance, CA) for
cryostat processing in the coronal plane. Samples were then
cut (40𝜇m) and sections containing amygdala nuclei were
isolated (bregma: −2.28mm).

2.4. Immunofluorescent Staining. Immunohistochemistry
was performed on amygdalar sections to evaluate levels
of markers: glial fibrillary acidic protein (GFAP), cleaved
caspase-3, ionized calcium-binding adaptor molecule 1



Oxidative Medicine and Cellular Longevity 3

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

Fr
ac

tio
n 

of
 ti

m
e a

t w
al

ls
Fraction of time at walls

Sham mTBI BPT

Sham

BPT

∗

#

Figure 1: Fraction of time spent at the walls of the open arena was significantly higher in the mTBI and BPT groups compared to sham at 7
days after blast (∗𝑝 < 0.02, #𝑝 < 0.05). Representative images show animal tracking over five minutes.

(IBA-1), SMI-71, hypoxia inducible factor-1𝛼 (HIF-1𝛼), and
vascular endothelial growth factor (VEGF). Samples were
rinsed three times with PBS and incubated in 2% bovine
serum albumin (BSA) in PBS for one hour at room tempera-
ture. Sections were then incubated with a primary antibody:
anti-GFAP (1 : 500; Invitrogen, Carlsbad, California), anti-
caspase-3 (1 : 500; Cell Signaling Technologies, Danvers,Mas-
sachusetts), anti-IBA-1 (1 : 500; Biocare Medical, Concord,
California), anti-SMI-71 (1 : 250; Covance, Princeton, New
Jersey), anti-HIF-1𝛼 (1 : 250; Novus Biologicals, Littleton,
Colorado), or anti-VEGF (1 : 250; Santa Cruz, Dallas, Texas)
overnight at 4∘C. Primary antibodies were labeled separately
on different amygdalar sections. After a PBS wash, the
samples were incubated for 1.5 hours with fluorescein isoth-
iocyanate (FITC) anti-rat, Alexa Fluor 555 anti-rabbit, Alexa
Fluor 488 anti-mouse, or Alexa Fluor 594 anti-mouse. After
three PBSwashes (fiveminutes each), samples weremounted,
air-dried, and coverslipped with ProLong Antifade Gold
Reagent with 4,6-diamidino-2-phenylindole (DAPI; Invit-
rogen, Carlsbad, CA). Sections were examined under a Zeiss
fluorescence microscope at 20x magnification under appro-
priate fluorescent filters and images were taken by Zeiss Axio-
Cam ICc 1. For all images, quantification (ImageJ software;
NIH, Bethesda, MD) was based on fluorescence intensity
after thresholding to eliminate background color. For average
intensity, the output variable corresponds to the average fluo-
rescent intensity per pixel (a number between 0 and 255).
Percent area gives an indication of the amounts of pixels with
signal divided by the total amount of pixels.

2.5. Statistical Analysis. Statistical differences between the
treatment groups were assessed with analysis of variance,
or ANOVA, using LSD post hoc test. All statistical analysis
was performed using JMP Pro 10 (SAS Institute, Cary, NC)

and 𝑝 < 0.05 was considered statistically significant. Unless
indicated otherwise, data are presented as mean ± standard
error of the mean, or SEM.

3. Results

3.1. Anxiety Assessment. The fraction of time spent at the
walls of the open field box for the BPT groupwas significantly
increased (𝑝 < 0.02) compared to sham (Figure 1). ThemTBI
group also displayed elevated anxiety (𝑝 < 0.05) compared to
sham. Representative image of animal activity over the five-
minute period in the open arena demonstrates global explo-
ration by the shamgroup and proximity to thewalls in the BPT
group (Figure 1). This display of anxiety-like behavior in the
BPT group could be the neurological manifestation of injury
pathology.

3.2. Astrocyte Activation. GFAP is a reliable marker to exam-
ine astrocyte morphology, as it is constitutively expressed in
astrocytes. Higher expression of GFAP is seen in reactive
astrocytes and is a standardmethod to assess astrogliosis [21].
While only slight elevation is seen in the mTBI group com-
pared to sham, the BPT group is significantly different com-
pared to sham (Figure 2). Images show astrocyte populations
in each group, thoughmore GFAP expression due to astrogli-
osis is seen qualitatively in the BPT group.

3.3. Apoptosis. Cleaved caspase-3 is a protein that is expressed
in cells undergoing apoptotic signaling events, which makes
it a reliable marker for apoptosis. Expression of cleaved
caspase-3 was elevated in both blast groups, although only
significantly different in the BPTgroup (Figure 3). Amygdalar
images show an elevated number of apoptotic cells in the blast
groups compared to sham.
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Figure 2: Representative images show reactive glia present seven days after blast in the BPT group. GFAP expression, examining astrocytosis,
was significantly elevated in the BPT group compared to sham (∗𝑝 < 0.05).
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between groups.

3.4. Microglia Activation. IBA-1, which is involved in phago-
cytosis and actin reorganization inmicroglia, is constitutively
expressed in microglia. Though not specific to activated
microglia, IBA-1 is usually used to assess morphology (ram-
ified or ameboid), which gives information about microglial
modulation in disease states. Although there is no significant
difference between the BPT group and sham, there is slight
elevation in IBA-1 expression in the BPT group compared to
sham (Figure 4).

3.5. Blood-Brain Barrier Disruption. SMI-71 is an established
antibody against rat endothelial barrier antigen [22, 23]. This
antibody binds to EBA, which is not present in vessels with
BBB disruption [23]. Figure 5 depicts the decreased staining
found within the injury group compared to sham due to
decrease in vessel count with EBA expressed. The expression
of SMI-71 was decreased in the BPT group, which has been
shown previously to signify a compromised BBB [24], com-
pared to the sham group (𝑝 value < 0.001).

3.6. HIF-1𝛼. HIF-1𝛼 is a transcription factor that is involved
in several injury modalities where hypoxia occurs, including
TBI [25]. HIFs are heterodimeric transcription factors com-
posed of an oxygen-sensitive 𝛼-subunit and a constitutively
expressed 𝛽-subunit. Under normoxia, the HIF-1𝛼 subunit is
constitutively transcribed but constantly targeted for degra-
dation. As oxygen tension drops, the degradation enzymes
are inhibited, which results in cytoplasmic stabilization of
the 𝛼-subunits. For the BPT group, HIF-1𝛼 expression was
increased in the amygdala at seven days after blast compared

to the sham group (Figure 6). In Figure 6, HIF-1𝛼 appears to
be colocalized with DAPI aroundmajor vessels, showing that
hypoxia is potentially being sensed first due to low blood oxy-
gen concentration and this could be an ongoing mechanism.

3.7. VEGF Expression. VEGF, a signal protein, is produced
to exert angiogenic stimulation. VEGF usually has a down-
stream role in response to HIF-1𝛼 transcription in hypoxic
cells [26]. Overexpression of VEGF has been shown to con-
tribute to neurological disease [27–29]. Expression of VEGF
was elevated though not statistically different in the BPT
group compared to sham (Figure 7).

4. Discussion

4.1. Polytrauma Rodent Model. Preclinical models designed
for investigation of lung injury and neurotrauma sustained
from blast exposure are scarce in the literature [18, 30]. As
such, there is a lack of identifiable polytraumatic-specific
injury markers for clinical use. Primary blast exposure has
been correlated with varying TBI injury severities with
assessment of physiology and lung injury in the rodent
model shown by Mishra et al. [31]. BBB damage, signified by
immunoglobulin G (IgG), has been characterized following
blast trauma but exact mechanisms and time of BBB repair
have not been elucidated [30]. In a lateral/side-on blast expo-
sure to unanesthetized rodents, pulmonary hemorrhage was
reported after 116 kPa exposure in addition tomotor function
impairment with an absence of axonal injury [32]. Another
BPTmodel was created by exposing the animal to a blast wave
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Figure 7: VEGF expression in the amygdala of the BPT group was elevated over sham, though not significant (∧𝑝 = 0.064). Representative
images depict VEGF expression in the amygdala.

directed at the thorax [33].This model relied on the “vascular
pulse” blast injury mechanism where blast overpressure
causes pressure differentials in vasculature and produces a
wave to the cerebrovasculature. Lung injury and perivenular
neuroinflammation were found in this study [33], highlight-
ing the importance of systemic circulation in polytrauma.
Our model has been previously characterized and blast-
induced lung injury mechanisms, as well as apparent pathol-
ogy, have been deduced [17, 18]. Decreased oxygen saturation
due to lung injury has been reported acutely, which is the
major premise of hypoxia in the current BPT model.

4.2. Polytrauma Worsens Behavioral Deficits. The open field
test is a standard test to measure anxiety-like behavior [34].
Rodents exposed to BPT displayed more time against the
walls of the openfield arena, or elevated anxiety-like behavior,
compared to other groups. Anxiety has been reported seven
to nine days after blast exposure [35, 36]. In a blast-induced
TBI model, anxiety was seen in open field activity at seven
days after following 25–40 psi blast exposure [37]. In a rat
model of blast-inducedmTBI, minocycline was administered
and negated anxiety seen in injured animals at eight days
after injury [38]. The BPT group displays worsened behavior
outcome compared to mTBI animals, pointing to neural
dysregulation due to systemic influence in the BPT group.

4.3. Exacerbated Pathology after Polytrauma. The results
showed that our BPT model has unique neuropathological
features compared to the blast-induced mTBI model. While
similar markers are increased in both injury models, injury
markers in general are exacerbated in the polytrauma model.

Elevated GFAP expression and cleaved caspase-3 have been
reported over the course of multiple time points after blast
in the amygdala [39, 40]. Higher expression of GFAP and
cleaved caspase-3 in the BPTmodel shows that there aremore
astrogliosis and apoptosis with higher injury severity. While
differences in IBA-1 are not seen in this model, activation-
specific antibodies, such as CD68 or CD11b, could be inves-
tigated to assay microglia activation after BPT. An antibody,
like CD68, would be more sensitive as it has a distinct role in
phagocytosis during the activation process. There is a poten-
tial that microglia at seven days after blast are in a retracted
process activation state [41] and this morphology would be
difficult to quantify with IBA-1.

A major finding was that BBB disruption, highlighted by
a reduction in EBA+ vessels at seven days after injury, plays a
distinct role in BPT injury pathology. Disruption of the BBB
is a common finding in models of polytrauma but the exact
mechanisms have not been deduced [30, 31, 33].This could be
a crucial upstream event in an ongoing injury cascade, involv-
ing hypoxia and subsequent BBB modulation. Along with
secondarymechanisms of neuroinflammation and apoptosis,
BBB disruption has been examined in blast-induced mTBI
studies and has been reported acutelywith recovery at 30 days
after blast [42–46]. Hypoxia can produce BBB disruption
and increased permeability, according to Kaur and Ling
[47]. Clinically, compromise of astrocytic endfeet coverage of
blood vessels in the brain has been reported in depressive dis-
orders [48]. Exact blast injury thresholds have yet to be deter-
mined to produce consistent BBB breakdown but levels in
this study indicated BBB compromise, subsequently leading
to debilitating neurological consequence [43, 49]. SMI-71, as
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a marker for BBB disruption, has been correlated with FITC-
albumin infiltration [23]. Lower number of EBA+ vessels
and stained vessel area were associated with regions of BBB
dysfunction in the BPT group.

In addition to BBB damage that occurs from the primary
blast wave, hypoxic conditions are present when lung injury
has occurred which contributes to BBB disruption [50]. HIF-
1𝛼 is a transcription factor that is involved in several injury
modalities where hypoxia occurs, including TBI [51]. Even
though HIF-1𝛼 has been shown to play a role in TBI pro-
gression and cerebral ischemia, few studies have examined its
role after mTBI and it has not been investigated in relation
to BPT [52, 53]. Delayed opening of the BBB, that is, only
after HIF-1𝛼was already stabilized, suggested barrier stability
is mediated via one or more HIF-1𝛼 effectors [54]. HIF-1𝛼
is a mediator of disruption of the BBB and has been shown
to have detrimental effects on injury pathology in the brain
[55]. Inhibition of HIF-1𝛼 has been reported to reduce BBB
damage and improve recovery from cerebral ischemia in rats
[28, 55], possibly by reducing levels of VEGF and attenuating
the expression of cleaved caspase-3 and p53, which are key
molecules in the apoptosis pathway [56]. Inhibition of VEGF
has shown to restore integrity of the BBB after an insult,
possibly through modulation of matrix metalloproteinases
(MMPs) [27]. VEGF, a downstream factor, can cause a leaky
BBB [54]. Overall, BBB disruption is based on many factors
during and after hypoxia with enhanced production of VEGF
and inflammatory cytokines constituting ongoing pathways
[47].This injury pathway in the amygdala can potentially lead
to neurologic impairment, such as anxiety [35]. Characteriz-
ing the role of secondary markers in BPT pathology would
contribute to understanding of injury pathways, such as BBB
dysfunction, and lead to novel therapeutic options.

Even though no significant difference was found inVEGF
staining in BPT compared to sham, this factor could still
play a role in the pathology at different time points. The role
of VEGF, a downstream factor in injury cascades, in BBB
disruption has been established in models of brain injury
[29, 57]. Preclinical studies of mTBI reported increased levels
of VEGF five days after injury in the amygdala [39]. As VEGF
is a potential downstream marker after HIF-1𝛼 presence, it
is possible that VEGF has significantly elevated expression
after the seven-day time point. After multiple blast exposure,
VEGF levels in plasma were upregulated at two hours after
multiple injuries but not at 22 days after injury [58]. In a
repeated mild blast TBI model, long lasting (42 days after
injury) elevated levels of HIF-1𝛼 and VEGF in plasma were
reported and due to hypoxia at time of injury [59]. After
severe TBI in a rat model, HIF-1𝛼 level in serum steadily
increased from one day to 28 days after injury, showing
delayed response and release into the bloodstream [60]. HIF-
1𝛼 has been shown to play a distinct role in apoptosis and
BBB disruption after TBI in several models [51, 61]. Acute
presentation of hypoxic factors would validate the findings
of secondary mechanisms of hypoxic insult to the amygdala
seven days after blast. More studies need to be conducted to
fill in these knowledge gaps.

4.4. Mechanical Damage to the Brain by the Blast Wave. The
mechanics of how primary blast exposure specifically injures
the brain, usually in an inhomogeneous way, are poorly
understood and are likely to be dependent upon orientation
to the blast. Since the BPT model has a lateral orientation
to the origin of the blast source, it is possible that mechan-
ical transmission of blast energy differs compared to other
orientations. Extensive evidence has been provided that skull
dynamics contribute to blast-induced TBI [62–66]. Vibration
of the skull from the shockwave causes secondary brain tissue
displacement and injury stems from susceptibility of the
viscoelastic brain to shear forces [62, 64, 67]. Other studies
speculate that vascular surge, or venous pressure pulse that
is transmitted to the brain through the jugular veins after
blast exposure to the thorax, is a mechanism of blast-induced
brain injury [33, 68]. This mechanism could rationalize a
biophysical basis of ongoing BBB disruption after BPT due to
lung injury. Our BPT model also highlights the importance
of cerebrovasculature due to its impedance, density gradient,
and systemic connection. Multiple studies have confirmed
that microcontusion and microhemorrhaging of the BBB
occurs with a lower threshold of 200 kPa peak overpressure
in direct cranial and lateral blast exposure models [49, 69].
Also, sudden regional-specific changes in cerebral blood
flow caused by increased intracranial pressure [46, 63, 64]
can cause a rapid ischemic event, contributing to hypoxic
cascade later on [70]. The amygdala has been shown to
be hypervascularized, indicating increased dysregulation of
neural networks susceptible to vascular mechanisms [71].

Blast polytrauma is a complex injury that can encompass
trauma to several specific areas of the body. For our experi-
mentalmodel, we focused on replicating injuries that play the
largest role acutely, lung injury, and chronically, brain injury.
This model is also unique due to the multiple mechanisms
of injury to the brain. Mechanical insult by the blast wave on
the brain has been documented by several researchers [62, 63,
66]. Though the BPT model in this study has an increased
input blast overpressure compared to the mTBI model, our
research group has previously shown that this relationship
can be nonlinearwith neuropathology [40]. To exacerbate the
direct injury from blast, there is a gradual acute response of
systemic hypoxia on the brain in this polytraumamodel. Our
group has reported that there areminimal effects on the lungs
and therefore an absence of systemic hypoxia after blast-
induced mTBI [35, 72]. Future studies will examine oxidative
stress and susceptibility of blast-induced BBB breakdown in
hypoxic environments.

4.5. Future Directions and Unique Therapeutic Solutions. As
polytrauma incidence increases due to terrorism activities,
there has been a lack of characterizing the neuropatho-
logical aspects of blast polytrauma. Understanding specific
mechanisms in this unique injury mode can impact the
approach to treating polytrauma.While polytraumatic injury
can be complex, the time course of systemic inflammation
and other systemic effects on the brain can be crucial to
therapeutic intervention and prehospitalmanagement.While
these findings give a general view of mechanisms present at
this time point, more detail on neuroinflammation is needed
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to investigate specific pathways after BPT. Also, determining
which components of the BBB are disrupted could point to
how it is being damaged and at what point it is involved in
injury pathology.MMPs have been implicated to play amajor
role in HIF-1𝛼/VEGF cascade and BBB disruption. Examin-
ing the role of MMPs could elucidate therapeutic strategies.

In addition to the effect on acute lung trauma, the
primary injury mechanisms of blast-induced TBI can be
influenced by orientation of the animal within the blast tube.
Acute hypoxemia can produce immediate cerebrovascular
pathology. Expansion of physiology recording is needed to
see how long hypoxia is present after initial injury.This could
solidify hypoxia as amajor concern after systemic injury.This
will also give an idea of the best time window for therapeutics
designed to mitigate early factors in place to aggravate injury
pathology at later stages. Blood biomarkers are another way
to further characterize this polytrauma, specifically targeting
astrogliosis (GFAP/S100𝛽), BBB breakdown (VEGF), and
hypoxia (HIF-1𝛼).

5. Conclusion

While many overlapping mechanisms in blast polytrauma
coincide with that of blast-induced TBI, specific markers,
such as BBB dysfunction and hypoxic factors, can play a
larger role in neuropathology. For BPT, the combination of
mechanically driven and hypoxic-driven neuropathology can
worsen neurological outcomes. In this study, it is shown that
BPT has a unique pathology and should have a different
therapeutic approach compared to mTBI.

Conflicts of Interest

The authors of this manuscript declare that there are no
conflicts of interest regarding the publication of this paper.

Acknowledgments

The authors would like to thank Dr. Michael Urban, Zachary
Bailey, Bryce Dunn, and Ryan Brady for their technical assis-
tance during blast testing. They would like to acknowledge
funding support by the DOD CDMRP Program W81XWH-
11-1-0014.

References

[1] G. P. Liao and J. B. Holcomb, “Trauma resuscitation and fluid
considerations in the polytrauma patient with CNS injury,” in
Neurotrauma Management for the Severely Injured Polytrauma
Patient, J. M. Ecklund and L. E. Moores, Eds., pp. 51–59,
Springer, Cham, Switzerland, 2017.

[2] P. A. Toyinbo, R. D. Vanderploeg, H. G. Belanger, A. M. Spehar,
W. A. Lapcevic, and S. G. Scott, “A systems science approach
to understanding polytrauma and blast-related injury: bayesian
network model of data from a survey of the florida national
guard,” American Journal of Epidemiology, vol. 185, no. 2, pp.
135–146, 2017.

[3] M. Hirsch and J. Bazini, “Blast injury of the chest,” Clinical
Radiology, vol. 20, no. 4, pp. 362–370, 1969.

[4] W.A.Hadden,W.H. Rutherford, and J. D.Merrett, “The injuries
of terroist bombing: a study of 1532 consecutive patients,”British
Journal of Surgery, vol. 65, no. 8, pp. 525–531, 1978.

[5] B. Brismar and L. Bergenwald, “The terrorist bomb explosion
in Bologna, Italy, 1980: an analysis of the effects and injuries
sustained,” Journal of Trauma—Injury, Infection and Critical
Care, vol. 22, no. 3, pp. 216–220, 1982.

[6] G. J. Cooper, R. L. Maynard, N. L. Cross, and J. F. Hill,
“Casualties from terrorist bombings,” Journal of Trauma, vol. 23,
no. 11, pp. 955–967, 1983.

[7] E. R. Frykberg and J. J. Tepas III, “Terrorist bombings. Lessons
learned from Belfast to Beirut,” Annals of Surgery, vol. 208, no.
5, pp. 569–576, 1988.

[8] E. Katz, B. Ofek, J. Adler, H. B. Abramowitz, and M. M. Krausz,
“Primary blast injury after a bomb explosion in a civilian bus,”
Annals of Surgery, vol. 209, no. 4, pp. 484–488, 1989.

[9] R. Pizov, A. Oppenheim-Eden, I. Matot et al., “Blast lung injury
from an explosion on a civilian bus,” Chest, vol. 115, no. 1, pp.
165–172, 1999.

[10] J. M. Wightman and S. L. Gladish, “Explosions and blast
injuries,” Annals of Emergency Medicine, vol. 37, no. 6, pp. 664–
678, 2001.

[11] CDC, “Bombings: injury patterns and care. Blast curriculum:
one-hour module,” 2006.

[12] S. J. McDonald, M. Sun, D. V. Agoston, and S. R. Shultz,
“The effect of concomitant peripheral injury on traumatic brain
injury pathobiology and outcome,” Journal of Neuroinflamma-
tion, vol. 13, no. 1, article 90, 2016.

[13] D. S. Dewitt and D. S. Prough, “Blast-induced brain injury
and posttraumatic hypotension and hypoxemia,” Journal of
Neurotrauma, vol. 26, no. 6, pp. 877–887, 2009.

[14] E. Kirkman and S. Watts, “Characterization of the response to
primary blast injury,” Philosophical Transactions of the Royal
Society B: Biological Sciences, vol. 366, no. 1562, pp. 286–290,
2010.

[15] A. Chodobski, B. J. Zink, and J. Szmydynger-Chodobska,
“Blood-brain barrier pathophysiology in traumatic brain
injury,” Translational Stroke Research, vol. 2, no. 4, pp. 492–516,
2011.
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The role of autophagy, neuroprotective mechanisms of nicotinamide adenine dinucleotide (NAD+), and their relationship
in spinal cord ischemic reperfusion injury (SCIR) was assessed. Forty-eight Sprague-Dawley rats were divided into four
groups: sham, ischemia reperfusion (I/R), 10mg/kg NAD+, and 75mg/kg NAD+. Western blotting, immunofluorescence, and
immunohistochemistry were used to assess autophagy and apoptosis. Basso, Beattie, and Bresnahan (BBB) scores were used to
assess neurological function. Expression levels of Beclin-1, Atg12-Atg5, LC3B-II, cleaved caspase 3, and Bax were upregulated in the
I/R group and downregulated in the 75mg/kg NAD+ group; p-mTOR, p-AKT, p62, and Bcl-2 were downregulated in the I/R group
and upregulated in the 75mg/kg NAD+ group. Numbers of LC3B-positive, caspase 3-positive, Bax-positive, and TUNEL-positive
cells were significantly increased in the I/R group and decreased in the 75mg/kg NAD+ group.Themean integrated option density
of Bax increased and that of Nissl decreased in the I/R group, and it decreased and increased, respectively, in the 75mg/kg NAD+
group. BBB scores significantly increased in the 75mg/kgNAD+ group relative to the I/R group.Nodifferencewas observed between
I/R and 10mg/kg NAD+ groups for these indicators.Therefore, excessive and sustained autophagy aggravates SCIR; administration
of NAD+ alleviates injury.

1. Introduction

Spinal cord ischemia reperfusion (I/R) injury (SCIR) is
a disastrous complication in many pathophysiological sit-
uations, which may result in devastating paraplegia and
paraparesis [1]. SCIRhas been reported to occur in 3%–18%of
patients undergoing descending thoracic and thoracoabdom-
inal aneurysms surgery and endovascular aortic repair sur-
gery [2]. SCIR should be regarded not only as amedical prob-
lem, but also as a socioeconomic burden. Considerable ther-
apeutic interventions have been attempted to mitigate this
problem, including cerebrospinal fluid drainage, reattach-
ment of segmental arteries, intercostal vessel reimplantation

[3, 4], and administering pharmaceuticals (steroids, oxygen-
derived free radical scavengers, and vasodilators) and drugs
[5, 6]. However, the results were not satisfactory [7].

Autophagy plays an important role for survival when cells
encountermetabolic stress and formetabolic processesmain-
taining cytoplasmic compositions via the autophagosomal-
lysosomal pathway. Autophagy is an intracellular catabolic
mechanismwhich can promote cell survival through degrad-
ing and recycling damaged organelles and unwanted proteins
but also induce cell death in some pathological conditions [8].
Currently, several studies have been conducted to explore the
functional role of autophagy in SCIR. However, the results
of these studies are inconsistent. Some studies reported
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that activation and upregulation of autophagy reduce nerve
damage after I/R [9, 10], whereas other studies found that
autophagy contributed to neuronal death and inhibition of
autophagy seemed to provide protective effects [11, 12]. In
general, the precise role of autophagy remains controversial
in SCIR and requires further investigation.

Nicotinamide adenine dinucleotide (NAD+) is a vital
cofactor for metabolizing energy and a substrate for various
enzymes [13]. Mounting evidence suggests that NAD+ plays
an essential role in calcium homeostasis, mitochondrial, and
immunological functions [14, 15]. Previous studies showed
that cerebral I/R results in reduction of NAD+ levels [16, 17].
Repletion of NAD+ could alleviate I/R injury and prevent
astrocyte death in the brain [18]. In a previous study, we have
shown that NAD+ protects against SCIR injury via reducing
oxidative stress-induced neuronal apoptosis [19]. However,
whether NAD+ can alleviate SCIR injury by restraining
autophagic apoptosis remains to be elucidated.

The primary goal of our study was to investigate the role
of autophagy and its potential signaling pathway in SCIR.
Furthermore, we aimed to examine the protective effect and
the internal mechanism of NAD+ involved in SCIR, as well
as to explore the underlying relationship between autophagy
and NAD+.

2. Materials and Methods

2.1. Animals. Forty-eight male Sprague-Dawley rats (180–
250 g body weight), obtained from the Shanghai Laboratory
Animal Corporation (Shanghai, China), were used in this
study. The rats were acclimatized to laboratory conditions
(25∘C, 12 h/12 h light/dark, 50% humidity, and ad libitum
access to food and water) for one week prior to exper-
iments. All procedures involving animals were reviewed
and approved by the Institutional Animal Care and Use
Committee of RuijinHospital, Shanghai Jiao TongUniversity,
Shanghai, China [IACUC protocol number: SYXK (Shang-
hai) 2011-0113].

2.2. Surgical Procedure of Spinal Cord Ischemic Reperfu-
sion Injury. SCIR was modeled using a modified method
from Zhang et al. [20]. Briefly, all rats were neurologically
intact before the experiment and anesthetized with 2.5%
sodium pentobarbital (60mg/kg) administered intraperi-
toneally. After opening the retroperitoneum through the
midline incision, the abdominal aorta was blocked above
the right renal artery near the heart using a 50 g aneurysm
clip for 60min. The clips were removed just before closure.
Sham-operated rats underwent the same procedure, but no
occlusion of the aorta was performed. All operated rats
were placed in a box at 28∘C until anesthetic recovery and
subsequently placed in separated cages with ad libitum access
to food and water.

2.3. Experimental Protocol. A total of 48 rats were randomly
divided into four groups. The sham group (𝑛 = 12)
underwent the surgical procedure without aortic clipping.
The I/R group (𝑛 = 12) received abdominal aortic exposure
and cross-clamping for 60min followed by intraperitoneal

injection of equivalent volume of 0.9% saline solution imme-
diately after reperfusion. Rats in the 10mg/kg NAD+ group
(𝑛 = 12) and 75mg/kg NAD+ group (𝑛 = 12) underwent the
same surgical procedure as those in the I/R group but were
treated with different doses of NAD+ immediately after I/R
injury.

2.4. NAD+ Preparation and Treatment. NAD+ (Roche,
Mannheim, Germany) was dissolved in 0.9% saline solution
and injected intraperitoneally. To investigate whether NAD+
has protective effects in SCIR, rats were treated with 10mg/kg
and 75mg/kg NAD+ intraperitoneally. The control group
was treated with equivalent volume of 0.9% saline solution.
Dosage of NAD+ was decided based on previous studies with
minor modification [19, 21].

2.5. Tissue Preparation. A total of 24 rats (randomly 6 rats
from each group) were euthanized 24 h after reperfusion by
an intraperitoneal injection of overdosed (100mg/kg) sodium
pentobarbital. The rats were transcardially perfused with
0.9% saline, followed by 4% paraformaldehyde in 0.1M PBS,
pH 7.4. Spinal cord segments (L1-2) were collected, post-fixed
in the same fixative overnight at 4∘C, and divided into two
parts. One part was embedded in paraffin and the other was
embedded in optimal cutting temperature (OCT) compound
(Sakura, Torrance, USA). Serial, 6 𝜇m, transverse sections
were mounted on slides. Paraffin sections were used for
histology and frozen sections for immunofluorescence and
terminal deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL) as described below.The L1-2 segments
of spinal cords of the remaining 24 rats were rapidly collected
and deep-frozen at −80∘C in preparation for western blot
analysis.

2.6. Assessment of Neurological Function. Locomotor func-
tion of rats was recorded at different time points (1, 6, 12,
and 24 h) after reperfusion using the Basso, Beattie, and
Bresnahan (BBB) open-field locomotor scale [22] ranging
from 0 (complete paralysis) to 21 (normal locomotion).
Two blind observers scored each animal, respectively, and
any discrepancies between the two scores were resolved by
discussion.

2.7. Nissl Staining. All paraffin sections were deparaffinized
and rehydrated. The sections were washed in distilled water
three times, then stainedwith 0.25% toluidine blue at 50∘C for
3 h, and bleached using 95% ethanol. Subsequently, sections
underwent 100% ethanol dehydration, xylene transparency,
and neutral gum mounting. In each experiment, all sections
were stained at the same time.

2.8. Immunohistochemical Staining of Bax. Paraffin sections
were deparaffinized and rehydrated. Antigen retrieval was
performed according to the manufacturer’s instructions for
the Citrate Antigen Retrieval Solution (Beyotime, China).
Sections were incubated in hydrogen peroxide to quench any
endogenous peroxidases and then blocked with 5% bovine
serum albumin (Sigma) for 30min at room temperature. Sec-
tions were incubated in primary rabbit anti-Bax antibodies
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(1 : 100; Abcam) diluted in PBS overnight at 4∘C. The
Vectastain Elite ABC Kit (Vector Laboratories, USA) was
used according to the manufacturer’s instructions. Positive
staining was visualized with DAB (ImmPACT DAB, Vec-
tor Laboratories, USA). Sections were counterstained with
hematoxylin for 10 s and dipped in acid alcohol as needed
before being dehydrated and mounted on coverslips.

2.9. Counting and Calculation of Mean Integrated Option
Density of Nissl and Bax. Digital photographs of all sections
were taken using a ZEISS Axioskop microscope. The images
were analyzed using Image-Pro Plus 6.0 software (Media
Cybernetics, USA), and sum of area and integrated option
density (IOD) were measured. The mean integrated option
density was calculated by dividing the IOD sum by the area
sum. The above information was collected in three sections
for each rat by three blind observers.

2.10. Immunofluorescence Staining of Bax, Caspase 3, and
LC3. Frozen sections were washed with PBS for 10min and
then with PBS containing 0.1% Tween (PBST) for 10min
and then blocked with 5% bovine serum albumin (Sigma)
for 30min at room temperature. Sections were incubated in
permeabilization solution (1% Triton X-100) for 15min at
room temperature and then incubated in primary rabbit anti-
Bax antibodies (1 : 100; Santa Cruz Biotechnology), primary
rabbit anti-caspase 3 antibodies (1 : 100; Santa Cruz Biotech-
nology), or primary rabbit anti-LC3B antibodies (1 : 200;
Cell Signaling Technology) diluted in PBS overnight at 4∘C.
After rinsing with PBST, sections were incubated with goat
anti-rabbit IgG Alexa Fluor 488 secondary antibody (1 : 500;
Molecular Probes) for 2 h at room temperature. The sections
were mounted with ProLong� Gold antifade reagent with
DAPI to label the nuclei (Molecular Probes).

2.11. Terminal Deoxynucleotidyl Transferase-Mediated dUTP
Nick End Labeling (TUNEL) Assay. In order to identify DNA
fragmentation, TUNELwas performed. Apoptotic cells in the
frozen spinal cord sections were stained using the in situ Cell
Death Detection kit (TMR red; Roche Diagnostics GmbH),
according to themanufacturer’s instructions. Briefly, sections
were washed in PBS and incubated in permeabilization
solution for 15min at room temperature and then in the
TUNEL solution containing TMR-dUTP for 1 h at 37∘C.
After labeling, cell nuclei were labeled with ProLong Gold
antifade reagent with DAPI (Molecular Probes). After the
immunofluorescence staining protocol described above, all
sectionswere scanned using a confocalmicroscope (LSM710,
ZEISS, Germany). To quantify Bax, caspase 3, LC3 expression
levels, and TUNEL in the spinal cord, labeled cells and mean
fluorescence intensity were recorded in each spinal cord
transverse section. The average of the numbers in the three
sections was compared between groups. The above analysis
was performed by three blinded investigators.

2.12. Western Blot Analysis. L1-2 segments of spinal cords
were homogenized in Radio-Immunoprecipitation Assay
(RIPA) buffer (Beyotime, China) with phenylmethanesul-
fonyl fluoride (PMSF) protease and Phosphatase Inhibitor

Cocktail (CWBIO, China). Homogenates were clarified using
centrifugation at 12000×g for 15min at 4∘C. The concen-
tration of protein samples was determined using the BCA
protein assay kit (Beyotime, China). Aliquots of protein
(50 𝜇g/lane)were fractionated using 10% sodiumdodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE). After
electrophoresis, the proteins on the gel were transferred
to polyvinylidene difluoride membranes (0.45𝜇m, Milli-
pore, USA). The membranes were blocked in Tris-buffered
saline/Tween (20mmol/L Tris, pH 7.5, 0.5mol/L NaCl, and
0.1% Tween 20) containing 5% nonfat dry milk for 1 h at
room temperature and subsequently incubated with primary
antibodies overnight at 4∘C. Membranes were incubated
with secondary antibody for 90min at room temperature.
Chemiluminescence results were recorded using an imag-
ing system (Imagequant LAS4000mini, General Electric,
USA). Signal intensities were quantified using Image-Pro
Plus software. The antibodies used were as follows: rab-
bit anti-mTOR (1 : 1000; Cell Signaling Technology), rabbit
anti-p-mTOR (1 : 1000; Cell Signaling Technology), rabbit
anti-AKT (1 : 1000; Cell Signaling Technology), rabbit anti-
p-AKT (1 : 1000; Cell Signaling Technology), mouse anti-
SQSTM1/p62 (1 : 1000; Abcam), rabbit anti-Atg12 (1 : 1000;
Cell Signaling Technology), rabbit anti-cleaved caspase
3 (1 : 1000; Cell Signaling Technology), rabbit anti-Bcl-2
(1 : 1000; Cell Signaling Technology), rabbit anti-Bax (1 : 1000;
Cell Signaling Technology), rabbit anti-LC3B (1 : 1000; Cell
Signaling Technology), mouse anti-𝛽-actin (1 : 1000; Cell
Signaling Technology), and horseradish peroxidase- (HRP-)
conjugated secondary antibodies (1 : 5000; Jackson).

2.13. Statistical Analysis. All data were expressed as mean
± standard deviation (mean ± SD) and analyzed by Sta-
tistical Package for Social Sciences software (version 19.0).
Groups were analyzed using the one-way analysis of variance
(ANOVA), followed by Newman-Keuls post hoc analysis.
Threshold for statistical significance was set at 𝑃 < 0.05.

3. Results

3.1. NAD+ Inhibits Autophagy Activation after I/R Injury. Our
previous study [19] revealed that NAD+ with the concen-
tration higher than 50mg/kg significantly alleviated spinal
cord ischemia-reperfusion injury via reducing oxidative
stress-induced neuronal apoptosis; however, 10mg/kg NAD+
showed no obvious therapeutic effect on this damage. So, we
chose 75mg/kg NAD+ as an effective therapeutic dosage and
chose 10mg/kg NAD+ as an invalid ineffective concentration
in this study. To detect whether NAD+ exerted an effect on
autophagy activation in SCIR injury, it is essential to measure
the level of protein LC3, p62, and Atg12-Atg5 proteins. Our
result shows that expression levels of LC3-II in spinal cords of
the I/R group were significantly larger at 24 h than in sham-
operated rats. Treatmentwith 75mg/kgNAD+ could decrease
the LC3-II protein expression at 24 h. However, no significant
difference was observed between the 10mg/kg NAD+ group
and the I/R group (Figure 1). Atg12-Atg5 was upregulated
in the I/R and 10mg/kg NAD+ group and downregulated
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Figure 1: Changes in protein expression after spinal cord ischemia
reperfusion (I/R) injury and treatment with different dose of
nicotinamide adenine dinucleotide (NAD+) (𝑛 = 6 per group).

in the 75mg/kg NAD+ group (Figure 1). However, LC3-
II gave similar results. Conversely, the expression of p62
decreased in the I/R and 10mg/kg NAD+ group. However,
no significant decrease in expression was observed in the
75mg/kg NAD+ group (Figure 1). The above changes in
protein expression could indicate an activation of autophagy
in SCIR. To further explore autophagy activation in neuronal
cells, immunofluorescence staining of LC3 was performed
(Figure 2(a)). The results showed that mean fluorescence
intensity of LC3 increased significantly in neuronal cells of
the I/R group (𝑃 < 0.01, versus sham), indicating autophagy
activation in neurons. Compared with the I/R group, the
mean fluorescence intensity of LC3 decreased in the 75mg/kg
NAD+ group (𝑃 < 0.01). No significant difference was
detected in the 10mg/kg NAD+ group compared with I/R
group (𝑃 > 0.05; Figure 2(b)). These results confirmed
that autophagy was activated in neuronal cells after SCIR.
Administration of NAD+ could inhibit autophagy to a certain
extent.

3.2. NAD+ Ameliorates Deteriorated Neurological Functions
after Autophagy Activation after I/R Injury. Motor functions
of rats were evaluated using BBB scores. Figure 3 showed
the trends in the different groups. All rats experienced severe
paraplegia in the first few hours after reperfusion, except rats
from the sham group. The 75mg/kg NAD+ group showed
faster and better recovery of motor functions than the I/R
group (𝑃 < 0.01); however, I/R rats treated with 10mg/kg
NAD+ showed no significant improvement in motor func-
tions compared with the I/R group (𝑃 > 0.05). These
results were in accordance with results from Nissl staining

(Figure 4(a)).Themean IODofNissl was significantly smaller
in the I/R and 10mg/kg NAD+ group (𝑃 < 0.01, versus sham)
and larger in the 75mg/kg NAD+ group compared with I/R
group (𝑃 < 0.01; Figure 4(b)). These results indicate that
neurological function deteriorated after I/R injury and was
gradually restored with the administration of NAD+.

3.3. Autophagy Can Aggravate and NAD+ Can Alleviate
Cell Apoptosis in I/R Injury. To investigate the interaction
between autophagy and apoptosis in ischemic reperfusion
injury, we examined the protein expression levels of cleaved
caspase 3 and immunofluorescence signals of TUNEL and
caspase 3. Our results indicate that expression of cleaved
caspase 3 was distinctly lower in the 75mg/kg NAD+
group than the I/R and 10mg/kg NAD+ group (Figure 1).
Immunofluorescence staining gave similar results (Figures
5(a) and 5(b)). Greater number of TUNEL-positive neurons
and higher mean fluorescence intensity of caspase 3 were
detected in the I/R and 10mg/kg NAD+ group (𝑃 < 0.01
versus sham). In contrast, both parameters were dramatically
lower in the 75mg/kg NAD+ group (𝑃 < 0.01; Figures
5(c) and 5(d)). Therefore, we concluded that autophagy
aggravated neuronal apoptosis in I/R injury and NAD+
decreased neuronal apoptosis.

3.4.The Pathway of Autophagy Activation andNeuroprotective
Mechanisms of NAD+. The PI3K/AKT/mTOR pathway is
an intracellular signaling pathway important in regulating
the cell cycle. A recent study has shown that AKT/mTOR
signaling pathway is essential in the activation of autophagy
[8]. To explore the role of the AKT/mTOR pathway, west-
ern blot analysis was performed. Our results indicate that
expression of p-AKT and p-mTOR was significantly lower
in I/R and 10mg/kg NAD+ group, but markedly higher in
the 75mg/kg NAD+ group. The Bcl-2 family of apoptosis-
related genes has been considered to play a central role in
regulating apoptotic signaling cascade [23]. Bcl-2 exerts a
survival function in response to a wide range of apoptotic
stimuli through inhibition of mitochondrial cytochrome
c release. Moreover, Bax is a key component for cellular
induced apoptosis through mitochondrial stress. Therefore,
we further evaluated whether the expression of these proteins
was correlated with apoptosis. We found the increased Bax
and decreased Bcl-2 in I/R and I/R + 10mg/kg NAD+
group, and the processes were significantly restrained after
75mg/kg NAD+ administration (Figure 1). Immunofluores-
cence and immunohistochemistry analysis of Bax further
confirmed these results (Figure 6). Taken together, our
data suggests that autophagy is partially regulated through
the PI3K/AKT/mTOR pathway and apoptosis is partially
regulated through the Bcl-2/Bax pathway. Furthermore, the
protective effect of NAD+ may occur in part through these
pathways.

4. Discussion

SCIR involves a series of complex metabolic derangements
including molecular and cellular events, such as oxidative
stress, inflammatory response, apoptosis, and autophagy [24].
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Figure 2: Immunofluorescence staining of LC3B in sham, ischemia reperfusion (I/R), 10mg/kg nicotinamide adenine dinucleotide (NAD+),
and 75mg/kg NAD+ group. (a) LC3B-positive neurons (arrow) were observed in different groups (400x, scale bar = 50𝜇m). (b) Analysis of
fluorescence intensity of LC3B-positive neurons in each group. Compared with the sham group, the fluorescence intensity of LC3B-positive
neurons was significantly increased in the I/R group. Compared with the I/R group, the fluorescence intensity of LC3B-positive neurons was
significantly decreased in the 75mg/kg NAD+ group. There was no significant difference in 10mg/kg NAD+ group. Values are means ± SD
(𝑛 = 6 per group). ∗∗𝑃 < 0.01 versus sham; ##𝑃 < 0.01 versus I/R; ∧𝑃 > 0.05 versus I/R.
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Figure 3: Basso, Beattie, and Bresnahan (BBB) scores of rats in
ischemia reperfusion (I/R), 10mg/kg nicotinamide adenine dinu-
cleotide (NAD+), and 75mg/kgNAD+ group at each timepoint. BBB
scores were measured from 1 h to 24 h after I/R injury. Compared
with the I/R group, BBB scores were consistently higher in 75mg/kg
NAD+-treated rats from 6 to 24 h after I/R injury, whereas there
were no significant differences in the 10mg/kg NAD+ group from
1 h to 24 h after injury. Values are means ± SD (𝑛 = 12 per group).
∗∗𝑃 < 0.01 versus I/R; #𝑃 > 0.05 versus I/R.

In addition to primary ischemic injury, neuronal death
induced by damage secondary to reperfusion is the major
therapeutic conundrum in SCIR [25]. A growing body of
experimental studies described the pathological derange-
ment and molecular and cellular events in ischemic reper-
fusion injury and examined the efficacy of novel strategies
[26–28]. A role of autophagy has been implicated not only
in central nervous system diseases, including traumatic brain
injury, cerebral ischemia, and neurodegeneration [28, 29],
but also in other pathological conditions, such as cancer,
myocardial infarction, and infections [26, 30]. However, the
exact role of autophagy in these processes remains to be
elucidated. Recently, an increasing number of studies have
investigated the role of autophagy in I/R injury. Whether
autophagy is neuroprotective in spinal cord injury has not
yet been clarified. Therefore, we aimed to explore the types
of neuronal death and potential signaling pathways involved
in SCIR. An understanding of thesemechanisms is critical for
reliable protective therapeutic strategies.

Mounting evidence suggests that NAD+ plays an impor-
tant role in mitochondrial function, calcium homeostasis,
and immunological functions [14, 15]. NAD+ is a key cofactor
for metabolizing energy and various enzymes [13]. NAD+
repletion has been suggested to decrease astrocyte death [18].
However, studies regarding the effect of NAD+ on SCIR and
the role of NAD+ involved in autophagy are scarce. In this
study, for the first time, we investigate the role of autophagy
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Figure 4: Nissl staining in sham, ischemia reperfusion (I/R), 10mg/kg NAD+, and 75mg/kg nicotinamide adenine dinucleotide (NAD+)
group. (a) Nissl bodies were observed in different groups (100x, scale bar = 100 𝜇m). (b) Analysis of the mean integrated option density
(IOD) of Nissl bodies in each group. Compared with the sham group, the mean IOD of Nissl bodies was significantly decreased in the I/R
group. Compared with the I/R group, the mean IOD of Nissl bodies was significantly increased in the 75mg/kg NAD+ group. No significant
differences were observed in the 10mg/kg NAD+ group. Values are means ± SD (𝑛 = 6 per group). ∗∗𝑃 < 0.01 versus sham; ##𝑃 < 0.01 versus
I/R; ∧𝑃 > 0.05 versus I/R.

in SCIR and assess the effect of NAD+ administration after
SCIR. We found that expression of LC3-II was significantly
increased in the I/R group and decreased in the 75mg/kg
NAD+ group. Moreover, the level of p62 expression was
decreased in I/R group, whereas it remained unchanged in
the 75mg/kg NAD+ group. Moreover, the mean fluorescence
intensity of LC3 was significantly increased in neurons of the
I/R group and decreased in the 75mg/kg NAD+ group.These
findings suggested that autophagy occurred after SCIR and
that a high enough level of NAD+ could inhibit it.

In this study, we focused on exploring the relationship
between apoptosis and autophagy after SCIR. Our results
show that cleaved caspase 3was obviously increased in the I/R
group and reduced in the 75mg/kg NAD+ group relative to
the I/R group. The TUNEL and caspase 3 positive cells were
neurons. Furthermore, the number of TUNEL-positive cells
and mean fluorescence intensity of caspase 3 also increased
in the I/R group and decreased in 75mg/kg NAD+ group.
In conjunction with previous findings, we propose that
activation of autophagy might promote neuronal apoptosis,
whereas NAD+ administration reduced neuronal loss by
blocking autophagy. These results seem to contradict the
results of some previous studies, which concluded that
autophagy activation could prevent neuronal loss and had
antiapoptotic effects in spinal cord injury [9, 10]. There are

several possible explanations for the discrepancy: First, dif-
ferent experimental models were used to assess the function
of autophagy and its relationship with apoptosis. Second, the
degree of autophagy activation differs between the different
studies, suggesting that autophagy may play a dual role: low
levels of autophagy activation promote cell survival, while
overactivation of autophagy leads to cell death. Surgical
method, ischemic time, and reperfusion time are also poten-
tial confounding factors.This interpretation also explains the
complex role of autophagy in SCIR. Further well-designed
studies are warranted to clarify this issue.

Next, we focused on the signaling pathway activating
autophagy and the protective mechanism of NAD+. The
formation of the autophagosome, elongation, maturation,
and fusion are the major steps of autophagy. Various proteins
are involved in this process; however only a small subset
has been identified until now [31]. The PI3K/AKT/mTOR
pathway is an intracellular signaling pathway important in
cell cycle regulation. PI3K/AKT/mTOR pathway is the most
classical activation pathway of autophagy. Akt activates the
downstream mTOR signaling pathway. mTOR is inactivated
by nutrient deprivation and then regulates downstream
proteins to facilitate nucleation, the first step of autophagic
vesicle formation [8]. The molecular mechanism of mTOR
regulation in SCIR is still controversial. In this study, we
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Figure 5: Immunofluorescence staining of terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) and caspase 3
in sham, ischemia reperfusion (I/R), 10mg/kg nicotinamide adenine dinucleotide (NAD+), and 75mg/kg NAD+ group. (a) TUNEL-positive
neurons (arrow) were observed in different groups (200x, scale bar = 100𝜇m). (b) Caspase 3-positive neurons (arrow) were observed in
different groups (200x, scale bar = 100 𝜇m). (c, d) Analysis of the percentage of TUNEL-positive neurons and fluorescence intensity of caspase
3-positive neurons in each group, respectively. Compared with the sham group, the percentage of TUNEL-positive neurons and fluorescence
intensity of caspase 3-positive neurons were significantly increased in the I/R group. Compared with the I/R group, the percentage of TUNEL-
positive neurons and fluorescence intensity of caspase 3-positive neurons significantly were decreased in the 75mg/kg NAD+ group. No
significant differences were observed in the 10mg/kg NAD+ group. Values are means ± SD (𝑛 = 6 per group). ∗∗𝑃 < 0.01 versus sham;
##𝑃 < 0.01 versus I/R; ∧𝑃 > 0.05 versus I/R.

found that phosphorylation of AKT andmTORwas inhibited
in I/R group and activated in the 75mg/kg NAD+ group.
We also analyzed expression levels of Atg12-Atg5, p62, and
LC3B. Our results supported the above hypothesis that
PI3K/AKT/mTOR is included in the activation pathway of
autophagy in SCIR. Furthermore, we investigated Beclin-
1 expression, because previous studies have indicated that
Beclin-1-independent autophagy was alternative pathway [8,
32, 33]. Our results confirmed these observations. Taken
together, both PI3K/AKT/mTOR and Beclin-1-independent

pathway regulated autophagy and higher doses of NAD+
could block these two pathways.

Previous studies have shown that Bax can induce apop-
tosis, whereas Bcl-2 exerts an antiapoptotic effect [23]. In the
present study, we assessed the expression of Bcl-2 and Bax
and immunofluorescence/immunohistochemistry signals of
Bax. In the I/R group, expression of Bcl-2 decreased, whereas
expression of Bax, mean fluorescence intensity, and mean
IOD of Bax increased. Opposite effects were observed in
75mg/kg NAD+ group compared with the I/R group. These
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Figure 6: Immunofluorescence and immunohistochemical staining of Bax in sham, ischemia reperfusion (I/R), 10mg/kg nicotinamide
adenine dinucleotide (NAD+), and 75mg/kg NAD+ group. (a) Bax-positive neurons (arrow) were observed in different groups (200x, scale
bar = 100𝜇m). (b) Bax-positive neurons (arrow) were observed in different groups (100x, scale bar = 100 𝜇m). (c, d) Analysis of fluorescence
intensity of Bax-positive neurons and the mean integrated option density (IOD) of Bax in each group, respectively. Compared with the sham
group, the fluorescence intensity of Bax-positive neurons and the mean IOD of Bax were significantly increased in the I/R group. Compared
with the I/R group, the fluorescence intensity of Bax-positive neurons and the mean (IOD) of Bax-positive neurons were significantly
decreased in the 75mg/kg NAD+ group and were not significantly different in the 10mg/kg NAD+ group. Values are means ± SD (𝑛 = 6
per group). ∗∗𝑃 < 0.01 versus sham; ##𝑃 < 0.01 versus I/R; ∧𝑃 > 0.05 versus I/R.

findings indicate that the Bcl-2/Bax pathway is related to neu-
ronal apoptosis in SCIR and NAD+ may decrease apoptosis
partially through this pathway.

In our study, in the I/R group, the expression of Beclin-
1 was significantly increased and the number of neurons
apoptosis was the highest. This phenomenon largely resulted
from the proapoptotic function of Beclin-1, which was
consistent with previously reported studies indicating the
involvement of Beclin-1 in mitochondria-mediated apoptosis

[8]. Recently, growing interest has focused on the role of Bcl-2
in autophagy, which is thought to be an important factor for
crosstalk between autophagy and apoptosis [10, 32, 34]. Our
results indicate the transition from autophagy to apoptosis
might be via deregulation of Bcl-2 protein and upregulation
of Bax protein. Therefore, we suggest that the neuroprotec-
tive mechanism of NAD+ is inhibiting the conversion of
autophagy to apoptosis by increasing the phosphorylation
of AKT/mTOR and decreasing the expression of Beclin-1.
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It is essential to comprehensively understand the complex
function of autophagy and its relationship with apoptosis in
SCIR.

Although we present important findings in this study,
several limitations need to be addressed. First, although the
SCIR model used in this study has been widely used due to
the segmental blood supply of the spine, the model has its
own shortcomings, such as lower limbs ischemia. Different
modified models should be considered in future studies. Sec-
ond, the period of postoperative observations was 24 h in our
study. This period was not sufficient to determine whether
NAD+ had long-lasting neuroprotective effects. In addition,
NAD+ was administrated only at two predetermined doses
(10 and 75mg/kg) in this study, although our previous work
has demonstrated NAD+ with the concentration higher than
50mg/kg exerted a protective role in SCIR injury. Moreover,
although no obvious side effects of 75mg/kg NAD+ were
identified until the predetermined observation time point,
the lack of adverse response could be due to the limited
observation time in our study; further studies with different
dosages of NAD+ as well as longer observation time are
needed to strengthen and extend our present work.

5. Conclusion

In summary, this study suggests excessive and sustained
activation of autophagy in SCIR. Administration of NAD+
can decrease I/R induced injury and inhibit neuronal cell
apoptosis. Further studies are needed to explore the impli-
cations of these findings.
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